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SUMMARY 
The work described in this thesis involves the use of thin-layer chroma-
tography (TLC) as the practical analytical technique for the analysis of tran-
sition metal and rare earth chlorosulphates. Several thin-layer chromato-
graphic systems were developed for rapid and reproducible qualitative and 
quantitative analysis of metal chlorosulphates. Some new stationary phases 
were developed by i) impregnating silica gel, alumina, kieselguhr and cellu-
lose with organic and inorganic impregnants ii) mixing of silica gel, with 
alumina or cellulose and egg shell powder with cellulose or silica gel and 
iii) impregnating the mixed adsorbents with 1,4 - dioxane, DMSO, oxalic 
acid, aniline , ammonium nitrate and aqueous salt solution of alkali metals 
or aqueous ammonia. These layer materials were used to achieve important 
separations in combination with proper mobile phases, that include mono-
component solvents (various organic solvents, mineral and carboxylic acids 
and aqueous salt solutions); multicomponent organic solvents (mixtures of 
alcohols, alkanes, carboxylic acids, amides or ketones); mixed aqueous -
organic solvents (carboxylic acids-aqueous salt solutions alcohols-mineral 
acids of various concentration etc.); aqueous solutions of acids (HCl, formic 
acid, acetic acid or oxalic acid); bases and salt solutions. The results of the 
study have been presented under six chapters. 
Chapter-I provides general introduction describing the general aspects 
of science, chemistry, analytical chemistry, thin-layer chromatography 
(TLC)and metal chlorosulphates. A comparison of TLC and other chroma-
tographic methods has been presented to show the relative advantages of 
using TLC as highly efficient microanalytical separation method. Being an 
off-line process, the various steps in TLC are carried out independently with 
better control. The principle of TLC is known for more than 100 years now, 
the reason for performing it is presently shifting from analysing natural mix-
tures of organic and inorganic substances to the analysis of biological, phar-
maceuticals, alloys and environmental samples. In addition to the detailed 
discussion or principle steps of TLC process a compilation of literature (1973-
1996) on TLC of metal complexes is summarized in tabular form in this 
chapter. The need of developing application oriented TLC method is empha-
sised. 
Chapter-II describes the results of TLC carried out on some transition 
metal chlorosulphates using mixed (silica gel + cellulose 1:1, 1:2 w/w) ; 
impregnated (silica gel, silica gel + cellulose 1:1, 1:2, 1:3 or silica gel + 
alumina 1:1 w/w) and unmodified (silica gel)) layers. The analytical poten-
tial of water, a non-toxic and easily available universal solvent as mobile 
phase was exploited by realizing selective separation of Mn - Ni / Co - Cu / 
Zn - Fe chlorosulphates on layers prepared from a binary mixture of silica 
gel and cellulose (2:1). The effect of anions on the separation of Co or Ni 
chlorosulphates from Fe, Mn and Cu chlorosulphates was examined to widen 
the applicability of the method in the presence of anionic species. 
The separation of Ni /Co from Cu is hampered by the presence of SCN' in 
the sample. The quantitative determination of Ni chlorosulphate was per-
formed by titrimetry and that of Cu chlorosulphate was done by both 
titrimetry and atomic absorption spectrometry (AAS). The percentage 
recoveries of Cu (91.6% by titrimetry and 95.5 % by AAS) and of Ni 
(91.43% by titrimetry) chlorosulphates were obtained using the calibration 
curves constructed for the standards. The titrimetric method was found 
suitable for higher concentration of Cu whereas AAS was found useful for 
low concentrations. Some validation parameters such as the stability of the 
colour intensity of the metal chlorosulphate on the sorbent layers and the 
reproducibility of R^ values were assessed. Dependence of Rp values on the 
compositional proportion of constituting components in the mixed bed and 
the pH of the mobile phase was investigated to select the optimum pH of 
mobile phase and the appropriate composition of layer for better separation 
of metal chlorosulphates. With a particular chromatographic system, the 
mobility of chlorosulphates, acetates and sulphates of the same metals differ 
slightly. Number of 3d - electrons of the central metal atoms (transition metals 
of Mn, Fe, Co, Ni, Cu & Zn) and magnetic moments of metal chlorosulphates 
were correlated with mobilty or hRp values (Figures 1 and 2). 
Figure 1 - Variation of mobility with number of 3d electrons 
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Figure 2 - Plot showing the correlation of mobility with the paramagenitic 
moments of the metal bis-chlorosulphates 
Chapter III summarizes the results of thin-layer chromatographic studies 
of transition metal chlorosulphates on silica gel, cellulose, kieselguhr, 
alumina, silica gel + alumina or cellulose layers with mixed acidic solvent 
systems. Carboxylic acid containing systems were found to provide better 
separations compared to HCl containing systems. Mixed binary layers of 
silica gel + cellulose and silica gel + alumina were found suitable for several 
separations of analytical importance. With most of the stationary phases, 
propanol and butanol containing solvent systems produced well resolved spots 
of higher intensity compared to solvents containing lower alcohols (metha-
nol or ethanol). Compared to alumina or kieselguhr, silica gel provided more 
separation possibilities . Spectrophotometric determination of chlorosulphate 
of cobalt was worked out and the recovery after elution from silica gel + 
cellulose (2:1) plates has been estimafed at the respective X^^^ value (620 
nm ) and it provides a molar absorptivity of 454.5 1 mol ' cm.'. 
Chapter-IV presents the results of the mobility of single, mixed and im-
pregnated layers with 125 solvent systems. Experimental conditions were 
optimized and useful chromatographic systems were identified for selective 
separation of La. For example, 5% aqueous ammonia producing highly com-
pact spot for La on cellulose layer can be utilized for selective separation of 
La from Ce, Eu, Gd or Yb. Since rare earth chlorosulphates are prepared 
from rare earth benzoates this particular TLC study is of considerable im-
portance. The information gathered from the behaviour of these rare earth 
benzoates on new sorbent layers are of immense importance to select proper 
stationary phase for reliable separtions of rare earth chlorosulphates. Out of 
125 mobile phase-stationary phase combinations, best separation conditions 
were achieved with nonimpregnated silica gel + alumina (9:1) as stationary 
phase and 0.5M aqueous ammonia as mobile phase. All rare earth benzoates 
have lower mobility (Rp= 0.30) on impregnated alumina layers whereas 
higher Rp values (except for La) were obtained on silica gel impregnated 
with aniline. The separation sequence in TLC is influenced by a variety of 
factors including mode of separation (normal or reversed -phase; cation or 
anion exchange) and composition of the stationary and mobile phases. A 
notable variation in the mobility of lanthanide benzoates was observed in 
silica gel or mixed silica + alumina and cellulose + alumina layers when 
developed with some organic and nonacidic solvent systems. For rare earth 
benzoates, both trends of increase and decrease in Rp values with increasing 
atomic number were observed. The examination of TLC behaviour of rare 
earth benzoates is also of interest for understanding the ionic bonding prop-
erties of the M'* rare-earth (RE) cation (ionic size 8.5-10.6 nm). 
Chapter - V summarizes the TLC behaviour of chlorosulphates of rare 
earth viz. y'\ Ce'\ Nd^ % Sm3\ Eu'\ Gd3% Tb^" , Dy'^ and Yb^ * on TLC 
plates coated with plain, mixed and impregnated adsorbents. Various aque-
ous salt solutions were used as the impregnants. Silica gel H yields more 
compact spots compared to silica gel G or other conventional coating mate-
rials. Aqueous salt solutions were found more suitable eluents compared to 
organic solvents for selective separations. A general trend of increasing Rp 
values with increasing salt concentration in the mobile phase was noted 
with all rare earth chlorosulphates. A linear relationship was obtained when 
log hRp of rare earth chlorosulphates (except Yb), was plotted against the 
ionic radii of RE cations (Fig. 3) 
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Figure 3 - Correlation of the ionic radii of M *^ ions with mobility of metal 
chlorosulphates 
Variation of ionic radii and hRj. values with magnetic moments of RE 
cations and chlorosulphates were investigated. A decrease in ionic radii or 
hRp values of some rare earths with increase in their magnetic moments is 
noticed as shown in Fig 4 . 
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Figure 4 - Variation of magnetic moments of rare earth cations and chlorosulphates 
with (A) the ionic radii on the M^ ^ ions and (B) the hR^ values of the rare 
earth chlorosulphates 
The spectrophotometric determination of yttrium chlorosulphate after 
TLC separation from neodymium and ytterbium using the optimum condi-
tions gives a linear relationship in the concentration range 40.8-285.5 (Xg of 
yttrium and resulted in a recovery of 88.5% . 
Chapter-VI encapsulates the results of TLC behaviour of metal 
chlorosulphates on layers prepared from plain chicken egg shell and egg 
shell mixed with cellulose or silica gel and developed with salt solutions, 
mineral acids, amine solutions and surfactants. Aqueous salt solutions of 
alkali metals were found better solvent systems for selective separations of 
metal chlorosulphates. The effect of acid containing mobile phases towards 
the stability of TLC plates coated with egg shell was also examined. Layers 
prepared from egg shell mixed with silica gel H yielded better results, com-
pared to the layers of egg shell mixed with silica gel G or cellulose. A com-
bination of silice gel H + egg shell (2:1 w/w) as stationary phase and 1 M 
aqueous ammonium sulphate solution as mobile phase was found most suit-
able for the separation of metal chlorosulphates. 
This particular study was intended to develop inexpensive sorbent layer 
materials for their better utilization in chromatography. 
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CHAPTER I 
GENERAL INTRODUCTION 
1. INTRODUCTION 
Science is a study of systematically arranging and classifying man's 
knowledge of the world. The first step in the generation of science is the 
collection of indisputed facts relating to its subject and has been divided 
into several compartments for the purpose of in-depth study. Chemistry is a 
branch of physical sciences, closely related to physics and deals essentially 
with the composition and behaviour of the natural world. It is the study of 
substances, their structure, properties and reactions. During 19th century, 
the knowledge of chemistry has grown so vast and the field has become so 
wide and complex that it is necessary to divide it into different branches for 
proper understanding of the subject. The major branches of chemistry are 
organic chemistry, inorganic chemistry, physical chemistry and analytical 
chemistry. Organic chemistry is confined to the chemistry of carbon 
compounds. Inorganic chemistry relates to the study of metallic and 
non-metallic elements and their compounds. Physical chemistry concerns 
with the study of physical properties and constitution of matter, the laws of 
chemical reactions and the theories governing these reactions. Analytical 
chemistry deals with the determination of the chemical composition of 
matter. The other branches of chemistry are nuclear chemistry, biochemistry, 
soil chemistry, industrial chemistry, high polymer chemistry, pharmaceutical 
chemistry, etc., are at present fast developing. Perhaps no other science 
today is so broad in it's scope as chemistry. 
1.1. ANALYTICAL CHEMISTRY 
Analytical chemistry is one of the most important branches of chemistry. 
It is being used for detection, determination and separation of traces of 
organic and inorganic substances in air, water and soil environments. Owing 
to the greater importance of pollution in modern life, the environmental 
chemistry is becoming more and more relevant to us. The increasing 
environmental pollution and explosive technological development have created 
analytical problems needing introduction of increasing instrumentation for 
their solution. Consequently, the need for analytical chemistry is increasing 
as the newer problems are arising owing to different demands of the modern 
world. 
By analytical chemistry we understand the development of new methods 
suited for the requirements of mankind. The classical methods have to be 
modified according to need of the situation and new methods have to be 
developed for solving the problems such as the purification of the environment, 
recovery of precious metals from the spent fuel or sea water, analysis of 
ores, determinatior. of pesticides and toxic metals in food products and 
identification of traces of impurities in ultra pure semi-conductors. Thus 
analytical chemistry plays significant role in chemical technology which is 
growing rapidly at present. The use of a particular substance in various fields 
of science (chemical, biochemical, physiological and engineering etc.) 
depends solely on its chemical analysis which may be qualitative or 
quantitative. 
A qualitative analysis deals with the methods used for the determination 
of the nature of the constituents of a substrate whereas the quantitative 
analysis is concerned with the methods dealing with the determination of 
actual amount of a given species present in a sample. Both instrumental and 
non-instrumental (classical) methods are used in analytical chemistry. 
Instrumental methods are usually faster and more sensitive, whereas non-
instrumental methods which form the basis of standardization of the 
instruments are considered more accurate. However, it is difficult to draw a 
clear border line between instrumental and non-instrumental analytical 
methods. For example, a simple volumetric analysis involves the use of a 
balance and all instrumental methods are based on the principles of physical 
chemistry and physics. Thus, the difference between two types of analytical 
methods is only in the complexity of the instrumentation and not a 
fundamental one. Despite distinct advantages of instrumental methods in 
many directions, their wide spread adoption has not rendered the classical 
methods obsolete. The non-instrumental methods should be strengthened 
because they are simple, inexpensive and versatile. In fact, a close critical 
comparison of all available analytical methods demonstrate the truth of that 
well known rule of life and work: nobody (here:nothing) is perfect. The team 
is always stronger than the individual. Nothing can be replaced completely 
without loss. Co-operation is best. 
There are several methods for the analysis of elements but the simplest 
of them, characterized by high selectively, rapidity and reliability and 
requiring no expensive reagent and instrumentation is usually preferred. To 
an analytical chemist, developing methods for a particular study is the chal-
lenging part of the research and usually chooses the most selective method 
suitable for the case, i.e. the one involving the least number of stages so that 
the risk of contamination introduced with the reagent is minimized. This is 
especially important in the determination of very small quantities of 
elements. Many reagents are not sufficiently selective and separation 
methods based on properties of compounds become important. One has to 
look into the possibilities of using various separation techniques such as 
precipitation, distillation, dialysis, ring-oven technique, ion-exchange. 
electrophoresis, solvent extraction and chromatography while handling a new 
system. 
The most general separation techniques include ion-exchange, 
electrophoresis and chromatography. Ion-exchange can be preferred to 
separate ionic and non-ionic impurities or similar pairs of cationic and 
anionic species. The selectivity of exchanger depends upon the nature of 
exchanger and composition of the eluent. Ion-exchangers are regarded as 
insoluble solid or liquid materials which carry exchangeable cations or 
anions. Accordingly, they are called cation or anion exchangers. The 
materials capable of exchanging both cations and anions are called amphoteric 
ion-exchangers. Ion-exchange is a process which involves reversible and 
stoichiometric interchange of ions of the same sign between an electrolyte 
solution (or molten salt) and a solid phase. The mechanism of the separation 
is based on the ion-exchange equilibria. The use of electrophoresis was first 
reported in 1937 by Konig (1). It's use Jias been limited to ionic species and 
the separation largely depends on the particle size. 
The work embodied in this thesis involves the use of thin-layer chroma-
tography (TLC), a simple, reliable and sensitive chromatographic method as 
the prime analytical technique for the analysis of "metal chlorosulphates". 
It is appropriate to encapsulate necessary information available till date, about 
metal chlorosulphates (MCSs) and chromatography in general and planar 
chromatography in particular. 
1.2 METAL CHLOROSULPHATES 
The diversity of compounds, particularly transition metal compounds has 
increased rapidly in recent years. One of the reasons for this growing 
interest has been a recognition of the value of these compounds as inorganic 
synthons. The synthesis of various coordination (2-5) and organometallic 
(6-10) compounds incorporating covalently bound RSO3" (R=F, CF,) 
became important in view of the above reason, i.e. precursors to a wide range 
of derivatives formed by substitution of relatively labile ligand by ligands 
of greater nucleophilicity. It has been reported (11-15) that RSO3" acts as a 
better leaving group due to the electron withdrawing properties of the F' , 
CF'3 and —S0"2 groups. It has also appeared in the literature that the vari-
ety of compounds with metals in their low oxidation state having covalently 
bound RSO3" (R = CF3) have received particular attention due to their use 
as efficient catalysts in various organic reactions (16-20). These synthetic 
applications of bound RSO3" (R = F, CF3) anions makes it imperative to 
begin with the synthetic utility of chlorosulphuric acid (HSO3CI) for the 
synthesis of novel compounds of transition metals, rare earth metals and 
organometallic compounds. Coordinated SO3CI anion is also used as a 
catalyst for number of organic and biochemical reactions and potential 
precursors for the synthesis of compounds including organometallic 
compounds. 
i) Role of Chlorosulph uric Acid in the Synthesis of Metal Chlorosulphates 
and Nature of Bonding 
Survey of literature reveals that alkyl and aryl chlorosulphates have been 
known for over a century (21). These organo-chlorosulphates were generally 
prepared (22-26) by the reaction of various types of alcohols with sulphuryl 
chloride being used as chlorosulphonating agent. It was later realized that 
chlorosulphate derivatives (27-33) may readily be obtained using 
chlorosulphuric acid as a reagent for chlorosulphonation. 
Chlorosulphuric acid, the starting reagent for the present work is a strong 
ionizing solvent which is of intermediate strength compared to sulphuric or 
fluorosulphuric acid. It has been well established (34-49) that HSO^Cl could 
be used as an ionizing solvent for the formation and stabilization of variety 
of cationic species. There have been a large number of reports on 
chlorosulphonating behaviour of HSO3CI and a variety of metal 
chlorosulphates. MCSOjCl)^ [M=Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd, Hg] (43, 
45, 46) and M (SOjCOj [M=Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb,Dy] (48) have 
been prepared by carrying out solvolytic reactions on corresponding metal 
acetates and benzoates respectively, where HSO^Cl acts both as medium of 
reaction as well as chlorosulphonating agent. A number of oxymetal 
chlorosulphates (41, 42, 50) mixed metal chlorosulphates (34, 35, 37), 
organometallic chlorosulphates (51, 52) and complexes of the type ML^ 
(SO^Cl) ,^ ML, (SOjCl)^ (41,42, 50), and ML^  (SO3CI) (51,52), [M=Transition 
metals or rare earth metals L=Pyridine, pyridine N-oxide, triphenyl 
phosphine methyl cyanide, 2,2'-bipyridine, acridine and triphenyl phosphine 
oxide] have also been prepared and characterized in order to examine their 
stereochemistry and extent of coordination of SO^Cl anion to the complex 
cations. The mode of bonding of 8030!" in the metal chlorosulphates as 
well as their complexes have been confirmed by comparing the IR spectra 
of these compounds with that of the free 80301' group. The observed low 
conductivity values of these compounds further confirm that 80301" group 
is covalently bonded to the metal ions and/or complex cations in metal 
chlorosulphates and/or metal chlorosulphate complexes. 
ii) Need of Analytical Studies on Metal Chlorosulphates 
Though it is an explicit fact that metal chlorosulphates are an important 
class of compounds, no work has been reported on their analytical study that 
can be used for their separation. Details about the physical properties like 
magnetic moment, specific conductance, colour etc., and IR data are 
available. The stereo-chemistry of these compounds has also been fully 
examined to understand the mode of vibration and cation-anion interactions. 
The use of chlorosulphates, however, have been limited only to the field of 
synthetic chemistry as a potential base for various reactions. The chroma-
tography of metal chlorosulphates appeared in the literature very recently 
(53) and a selective separation of nickel from cobalt as their chlorosulphates 
has been achieved on thin-layers of silica. It was therefore thought worth-
while to begin with one of the simple and reliable separation techniques, i.e. 
thin-layer chromatography to achieve selective separation of chlorosulphate 
complexes of transition and rare earth metals. Table 1.1 gives information 
about the physical properties of some transition metal and rare earth 
chlorosulphates. 
Table 1.1 
Physical Properties of Metal Chlorosulphates 
Compound 
Mn (SOjCOj 
Fe (SO3 CI), 
Co (SOjCl), 
Ni (SOjCl), 
Cu (SOjCl), 
Zn (SOjCl), 
Colour 
White 
Red 
Blue 
Light green 
Green 
White 
Magnetic 
moment 
5.93 
5.11 
3.60 
1.84 
Diamagnetic 
Molar 
conductance 
ohm'cm^ m o l ' 
Reference 
(54) 
Pb (SO^COj 
Sn (SOjCl)^ 
Fe (S0,C1)3 
La (SO^Cl), 
Ce (SO3CI), 
Pr(S03Cl)3 
Nd (SOjCl), 
Sm (SOjCl), 
Gd (SOjCl), 
Tb (SOjCl), 
Dy (S03C1)3 
HO (80301)3 
Er (SOjCl) , 
Dirty white 
White 
Reddish brown 
White 
White 
Green 
Reddish violet 
White 
White 
White 
Grey 
White 
White 
5.58 
Diamagnetic 
2.85 
3.90 
3.75 
8.30 
10.41 
10.20 
39 
45 
60 
35 
35 
59 
42 
65 
40 
36 
(48) 
1.3. CHROMATOGRAPHY 
Chromatography is a physical method for separating a mixture in which 
the separating components are distributed between two phases, one of which 
constituting a stationary bed of large surface area and the other being a 
fluid that percolates through the stationary phase. The paper presented by 
Michael Tswett in 1903 at the meeting of Biological Section of the Warsa 
Society of Natural Science is generally accepted as the beginning of 
chromatography. He published his work (55) on the separation of plant 
pigments in the form of two papers. The pioneering work of Martin and Synge 
10 
(56) set a precedent for the development of other forms of chromatography. 
i) Chromatographic Systems and their Classification 
A combination of stationary and mobile phases is termed as chromato-
graphic system. Depending on the geometry of the stationary support em-
ployed, a chromatographic system may be columnar or planar. The planar 
system can further be classified according to the mode of development as 
ascendent, descendent, horizontal, centrifugal and circular. The classification 
of chromatography is more easy when the stationary phase is a solid or 
liquid and mobile phase is a liquid or gas. Thus liquid-liquid, liquid -solid, 
gas-solid or gas-liquid combination arised. Of these, liquid- liquid and 
liquid-solid systems constitute liquid chromatography. This includes 
column chromatography, paper chromatography and thin-layer chromatog-
raphy (TLC). Out of these TLC is more efficient and rapid. It can be used to 
simply check the purity of a substance, to separate and identify the 
components in a mixture or to obtain a quantitative analysis of one or more 
of the components present in a mixture. 
As the development of chromatogram proceeds, the components of the 
sample interact with the stationary phase. There are different types of inter-
actions which may occur during the separation and these are often referred 
to as modes of separation; e.g. adsorption, partition, ion-exchange etc. Since 
these terms refer to the basic mechanism of physico-chemical process which 
occur, it is convenient to describe a separation as being due to adsorption, 
partition, ion-exchange etc., even though these may not be the only mecha-
nisms operative. The various methods of classifying chromatographic sepa-
rations are brought together in Figure 1.1. 
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1.4 PLANAR CHROMATOGRAPHY 
Planar chromatography is a collective term applied to all analytical, 
preparative and micropreparative separation processes where the mobile 
phase migrates through the stationary phase (paper or porous sorbent) in 
planar or flat-bed arrangement. The movement of the compounds to be 
separated is governed by two opposing forces, the driving force of the 
solvent system and the retarding action of the stationary phase. Depending 
on the nature of stationary phase, planar chromatography may be classified 
as paper chromatography (mobile phase migrates through a strip of paper) 
and thin-layer chromatography (mobile phase moves through a layer of 
porous sorbent coated on an inert support). 
Amongst planar chromatographic methods, TLC has been regarded as a 
simple, inexpensive and rapid separation technique. TLC is an open and fully 
off-line system, where the principle steps (sample application, development, 
drying of plates and densitometric evaluation) can be performed as separate 
operation steps. 
L5 HISTORY OF TLC 
The history of TLC has been reviewed by Stahl (1969), Heftmann (1975), 
Kirchner (1975, 1978, 1980), Pelick et al. (1966), Jork and Wimmer (1986), 
and Wintermeyer (1989). TLC is about 108 years old technique, as Beyerinck 
(57) first referred it's use in 1889, when he studied the diffusion of a 
mixture of HCl and H S^O^ through a thin - layer of gelatin. In 1898, Wijsman 
(58) showed the presence of two enzymes in a malt diastase by using a gelatin 
layer containing starch and a fluorescent bacteria obtained from seawater, 
he was the first to introduce the fluorescence phenomenon for detecting the 
zone on thin layers. In 1938, Izmailov and Schraiber (59), two Soviet 
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Scientists, developed a method called drop chromatography for the analysis 
of pharmaceutical preparations on aluminium oxide thin layers. Meinhard 
and Hall (60) in 1949 separated Fe^ ^ from Zn^ * on microscope slides. TLC as 
presently known began to attract attention through the work of Kirchner and 
his associates (61-63). Stahl, in the 1950's introduced the term "thin-layer 
chromatography" for the first time. His major contribution (64,65) was the 
standardization of materials, procedures and nomenclature. He described an 
ingenious and practical device for preparing layers. This method is now one 
of the most frequently described separation techniques in quantitative and 
qualitative analysis. 
Dallas et al. (66) first reported the use of densitometry in TLC in the mid 
1960's. A symposium on quantitative TLC held in 1968 in Great Britain led 
to the publication of the first book on this topic (67). High Performance 
TLC plates (68) came into use in the mid 1970's. The improvements in practice 
and instrumentation in the late 1970's led to the development of high 
performance TLC (HPTLC) (69); instrumental HPTLC (70); centrifugally 
accelerated preparative layer chromatography (71) and over pressured layer 
chromatography (OPLC) (72). These and other high performance and 
quantitative methods have caused a break through in the field of TLC. 
1.6 COMPARISON OF TLC WITH OTHER CHROMATOGRAPHIC 
METHODS 
Comparison of TLC and HPTLC have been described by Fenimore and 
Devis (1981), Bormann (1982), Goddens et al. (1983), Costanzo (1984), Jork 
and Wimmer (1986), Geiss (1987) and Sherma (1991). Although the mecha-
nisms governing separations in HPLC and TLC/HPTLC are identical, 
differences in practical aspects lead to the following comparisons of the 
performance of TLC/HPTLC and HPLC. 
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i) HPLC is more efficient than HPTLC. 
ii) Capacity factors (K') are more reproducible in HPLC than Rp values in 
TLC. 
iii) HPLC is more readily automated than TLC. 
iv) Mobile phase velocity in TLC is determined by capillary forces and 
hence can not be controlled whereas it is easily adjusted and controlled 
in HPLC. 
v) The number of samples processed in a given time (sample throughput) 
is higher in TLC than HPLC. 
vi) The development and detection steps are much more flexible and ver-
satile in TLC than HPLC. 
vii) The choice of sample solvent is less important in TLC than HPLC. 
viii) In TLC there is wider choice for commercially available stationary 
phases and detection reagents. 
ix) Solvent use is much lower in TLC than HPLC. 
x) Detection limits are approximately the same for TLC and HPLC. 
xi) TLC is inexpensive than HPLC and GC. 
xii) TLC offers superior resolution, speed and sensitivity compared to paper 
chromatography. 
xiii) Compared to GC. TLC can be used for the analysis of thermally 
labile compounds. 
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1.7 TLC PROCEDURE 
Basic TLC is carried out as follows : The stationary phase in TLC 
involves coating a thin layer of some appropriate adsorbent on a plate in the 
form of a slurry. This is dried at room temperature and activated for a speci-
fied time and temperature, then kept in a glass chamber until use. An initial 
volume of mixture (0.50-10|LiL) containing 0.50-50ng of the solute is 
applied on TLC plate at about 3 cm from the lower edge of the TLC plate. 
The sample is dried at room temperature and the end of the plate is placed in 
a suitable mobile phase inside a closed chamber. The components of the 
mixture migrate at different rates as a result of varying degree of affinity for 
the stationary and mobile phases during movement of the mobile phase 
through the stationary phase, which is termed development of chromatogram. 
When the mobile phase has moved to desired distance, the chromatoplate is 
removed, from the closed chamber and the plate is dried at room temperature 
and the separated zones of the components of mixture are detected using 
suitable visualization reagents. 
In a TLC system the Rp coefficient is a basic quantity used to express the 
exact position of the solute on the developed chromatogrm. It is calculated 
as the ratio 
Distance travelled by the solute from 
the starting line 
Rp (Retardation factor) = 
Distance travelled by the solvent from 
ihe starting line 
Rp varies from O(solute remains at the point of application) to 0.999 
(solute migrates up to the solvent front). The entire scheme for a typical 
thin-layer chromatographic process can be summarized as in Figure 1.2. 
Preparat ion of Sample 
Crude Extract 
Re la t ive ly Pure Sample' 
Sample P u r i f i c a t i o n 
Sample Application 
[Spot t ing/Streaking] 
Development 
[Ascending/Descending One 
or Two Dimensional] 
Drying of Chromatogram 
[Room Temperature/Elevated Temperature] 
Detection Optional 
[Visual/UV Scaning/Reagent 
Spray 
Component Removal 
Charac te r i za t ion 
[IR/NMR/MS] 
Documentation 
[Evaluation/Recording the Chromatogram] 
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Figure 1.2 Scheme of a typica l t h i n - l a y e r chromatographic 
process 
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1.8 BASIC PRINCIPLE, TECHNIQUE AND THEORY 
In classical TLC, the capillary action of the sorbent in the layer controls 
the rate of migration of the mobile phase. Thus, spot broadening is controlled 
by molecular diffusion in different sizes according to the interactions 
between the solvent and sorbent. 
Efficiency in TLC is calculated with a compound with median Rp, and 
measured by determination of the theoretical plate number as in the equation 
N= 16(x/w)2 
where 'x ' is the distance from the origin to the separated zone centre and 
'w' is the width of this zone. By convention, the efficiency of a thin -layer 
plate measured or calculated for a substance having Rp values 0.5, 1.0 or 
some average value (73). C.F. Poole and S.K. Poole (74) have admirably 
summarized theories of separation in TLC. 
Another important factor which determines the separation efficiency of 
ions is resolution. It is defined as the ratio of the centre-to-centre distance 
(X) between the two components (A and B) and the average diameter of the 
two spots (Figure 1.3). Thus it can be expressed mathematically as 
X 
Rs= 
0.5(d, + d,) 
The values of Rs serves to define the separation of components from 
mixture. For Rs = 1, the two components are reasonably well separated; for 
Rs > 1 better separation and for Rs < 1 poor or no separation. 
In TLC, separation of components in a mixture is achieved by homog-
enizing the experimental conditions involving stationary and mobile phases. 
The desired separation can be achieved by proper selection of stationary 
(sorbent) and mobile (solvent) phases. 
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© 
©: 
A+B 
Solvent front 
Component A 
Component B 
Starting line 
Figure 1.3 - Schematic diagram showing resolution of two - component mixture 
on chromatogram 
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1.8.1 Nature of Phase Interactions 
Some of the important physical and chemical characteristics that deter-
mines the degree of interactions of mobile phase-solute, solute - sorbent and 
mobile phase-sorbent are given in the following paragraphs. 
i) Intramolecular Forces : which hold neutral molecules together in the 
liquid or solid state. These forces are physical, characterized by low equilib-
rium and result in good chromatographic separation. 
ii) Inductive Forces : exist when a chemical bond has a permanent electrical 
field associated with it (e.g. C-Cl, C-NO^ groups). Under influence of this 
field, the electrons of an adjacent atom, group or molecule are polarized so 
as to give an induced dipole moment. This is a major contributing factor in 
the total adsorptive energy on alumina. 
Hi) Hydrogen Bonding : makes a strong contribution in adsorption energies 
between solute or solvents having a proton donor group and a nucleophilic 
polar surface such as that of alumina or silica gel. 
iv) Charge Transfers : between components of the mobile phase and the 
sorbent can also take place to form a complex of the type S^ A" (Where S= 
solvent or solute, and A= surface site of sorbent). This is prominent in ion -
exchange chromatography. 
v) Covalent Bonds : can be formed between solute and / or the mobile phase 
and the sorbent. These are strong forces and result in poor chromatographic 
separation. 
1.8.2 The Solvent Strength Parameter 
The solvent strength parameter (6° )was defined by Snyder (75) as the 
adsorption energy per unit of standard sorbent. The physical and chemical 
forces, described just above, are involved in determining the level of 
interaction of the sorbent and mobile phases. The higher the mobile phase 
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strength (greater interaction with the sorbent) the greater will be the R^  of 
the solute in simple liquid-adsorption TLC. Usually one tries to select a 
mobile phase so as to obtain Rp values of the order 0.30-0.70, to achieve 
well separated zones. Stronger mobile phase offers greater interaction with 
the solute and will decrease adsorption, thus causing faster migration. 
Decreasing the solvent strength can increase resolution. Thus, the difficult 
separations can be achieved by varying the selectivity (changing interac-
tions) of the mobile phase. Solvent strength is dependent on its reactivity 
with the sorbent. With a large number of sorbents available, one has to 
resort to some trial and error operations to find the best mobile phase for 
separating the components of interest. Trappe (76) described a series of 
solvents in the order of eluting power. In the expression of mobile phase 
strength the "eluotropic series" has been widely used. 
For the separation of complex mixtures, systematic computer - assisted 
mobile phase optimization methods are preferable to trial and error methods. 
The systematic schemes that have been used in TLC are mostly adapted from 
HPLC. Different approaches for systematic optimization of the solvent 
system include window diagrams, overlapping resolution maps, simplex methods, 
pattern recognition procedures and the PRISMA system. These optimization 
methods have not been widely used for routine practical TLC till date. 
1.8.3 Adsorbents 
There are many experimentally proven sorbent materials suitable for sepa-
rating organic and inorganic substances, when used as thin - layers on an 
inert support. The factors to be considered when coating a sorbent for TLC 
are type of compounds to be separated; visualization technique to be 
employed, thickness and stability of the layer described and mobile phase 
characteristics. The commonly used sorbents are silica gel, alumina, 
cellulose and kieselguhr (diatomaceous earth) etc. 
Silica gel or silicic acid has become the most widely used sorbent for 
TLC since being described by Kirchner et al. (61). It is slightly acidic in 
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nature and the free valencies of the oxygen at it's surface are connected 
either with hydrogen (Si - OH, silanol group) or with another silicon atom 
(Si - 0-Si, siloxane group). The hydroxyl groups on silica surface are 
considered to be adsorption active centres which are capable to interact with 
solute molecules. The ability of the silanol groups to react chemically with 
appropriate reagent is used for controlled surface modifications. Hence silica 
gel is considered as the most favourable layer material in chromatography. 
Aluminium oxide, commonly called alumina, is the second largely used 
TLC sorbent. Chemically, it is basic and more reactive than silica gel but for 
a given layer thickness it is not capable to separate quantities of analyte as 
large as can be separated by silica layer. Adsorption is the separation 
mechanism in both silica gel and alumina. 
Kieselguhr (diatomaceous earth) is a chemically neutral sorbent, that does 
not separate or resolve as well as alumina or silica gel. The most frequently 
used kieselguhr (kieselguhr G) contains approximately 15% gypsum binder 
and is used as an aqueous slurry. 
Cellulose is used as a layer material in TLC when it is convenient to 
perform a given paper chromatographic (PC) separation by TLC in order to 
decrease the amount of time necessary for the separation and increase the 
sensitivity of detection. The developing solvents and visualization reagents 
employed in PC can most readily be used in cellulose TLC. Because of its 
tenacious nature, cellulose is usually coated on TLC plates without binder 
unlike the above three sorbents. 
Other substances used as sorbents include a variety of ion exchange 
cellulose powders, polyamide powders and fluorocil. In addition, mixed, 
impregnated and chemically modified layer materials have been used by 
researchers to increase the resolution. Thin-layer plates with concentration 
zones have been proved more efficient than traditional TLC plates (laboratory 
made or precoated). The concentration zone converts the original sample 
T > 
spot into a streak or band by sorbing the sample solution. 
The various types of sorbent layers used are depicted in Fig. 1.4 
Sorbent layer 
Un-modHied or 
unt reated Bended or 
chemically 
bonded iTnpregnated 
I 
Hydrophilic 
I 
Hyrophobic 
Organic 
tmpregnonts 
Inorganic 
impregrtonts 
Miscellaneous 
sorbenis 
Figure 1.4 -Clossificotion of sorbent phases 
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1.8.4 Coating Procedure 
The easiest way to coat a plate with a thin-layer of sorbent is to simply 
pour the slurry on the plate and spread it evenly across the plate with a 
glass rod. However, this will not produce a layer of uniform thickness. Other 
methods that may be used are spreading, immersing and spraying. Spreading 
methods are preferred for a number of reasons, including good reproducibility, 
ease of adjustment of layer thickness and simple operation. 
Glass or plastic sheets and aluminium foils are the most commonly used sup-
port for holding sorbent materials in the form of thin - layers. Both laboratory 
made and commercially precoated layers have been used. Procedures and devices 
for preparing laboratory made plates are well described by Fried and Sherma (77). 
1.8.5 Selection of Sample Solvent 
The first consideration before any chromatography to be performed is to 
decide which solvent should be used to dissolve the sample. Samples and 
standards are best prepared in a solvent that dissolves the analyte completely, 
is volatile, has low viscosity, wets the sorbent layer and is a weak chromato-
graphic solvent for the analyte. 
1.8.6 Sample Preparation 
Often it is necessary to use a number of sample preparation methods 
together as dissolving of samples, extraction, column chromatography, 
centrifugation and evaporation to make a sample ready for chromatographic 
analysis, especially biological samples in order to sufficiently purify a 
sample so that it is suitable for chromatography. Cations are generally 
dissolved in distilled water maintaining a concentration such as 1% or O.IM. 
Solutions of rare earths are prepared by dissolving in O.IM HNO, or by 
fusion followed by dissolution in dil. HCl or HNO,. Anions are taken as 
their water soluble salts of alkali metals. Methanol or ethanol is generally 
used as solvent for preparing the sample solutions of organometallijcs. 
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1.8.7 Sample Application 
It was Kaiser (78) who first realized that the resolution power of the 
layer depends on the quality of sample application. Improperly applied samples 
result in poor chromatograms. Sample solution (0.01-1.00%) is prepared in 
least polar solvent in which sample is soluble. Normally, 1-5 \±L of sample 
solutions is applied as spot or streak on the sorbent layer, about 2-3 cm from 
the lower edge of the TLC plate in order to avoid the direct contact (or 
dissolution) of sample with the mobile phase. The sample is completely dried 
before placing the plate in the developing chamber. Dilute solutions can be 
applied to the layer either with sorbent drying between successive applica-
tions, or after bringing the sample solution to proper concentration. 
Micropipette, melting point capillaries, microsyringe etc. are used to apply 
the sample on the plate. A number of automatic spotters of varying design 
are also available in the market. 
1.8.8 Development 
Development is the process in which the mobile phase moves across the 
sorbent layer to effect separation of the sample substances. Ascending develop-
ment or linear development is the commonly used mode of development in TLC in 
which the mobile phase moves upwards through the stationary phase. Any closed 
container that will hold the plate upright is suitable for development of TLC 
plate. While performing the development one should take care of the angle of 
development and saturation of chamber apart from other factors. It has been 
observed that the angle of development (the angle at which the plate is 
supported) effects the rate of development as well as the shape of the spots (79). 
An angle of 75° has been found optimum for development. 
If a desired separation is not achieved by simple development, one can 
follow the options available in the technique. These are summarized in Table 1.2. 
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Table 1.2 
Methods for Development of Chromatogram 
Mode of 
development 
Multiple 
development 
Stepwise 
development 
Continuous 
development 
Two-
dimensional 
development 
Method of 
operation 
Development is re-
peated after drying the 
plate between each 
development to 
achieve satisfactory 
separation 
Plate is developed 
successively with dif-
ferent mobile phases 
having different 
selectivities 
A continuous flow of 
mobile phase along Ihe 
length of the plate with 
the mobile phase being 
allowed to evaporate 
off at the end of the 
plate 
The plate was deve-
loped in a different 
mobile phase at angle 
90° to the first devel-
opment after usual 
TLC procedure 
Significance 
The process in effect 
increases the effective 
length of the layer so 
as to enhance the pos-
sibility of separation. 
The technique was 
first applied to TLC in 
1955 
Useful for the separa-
tion of components 
with large polarity dif-
ference. The proce-
dure was first used by 
Stahl 
The technique was in-
troduced by Mottier 
and Potterat 
AppUcable for normal, 
multiple or stepwise 
mode of developments. 
TTie technique is ^ plied 
for the separation of 
clinically important 
substances. First ap-
plied in TLC by 
Kirchner 
Reference 
(80) 
(81,82) 
(80) 
(83-87) 
(61) 
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Cirular 
development 
Mobile phase is 
carried to the centre of 
the layer by means ofa 
wick and its flow is to-
wards the centre of the 
plate 
Useful inTLC for the 
separation of com-
pounds whose R^  = 1 
Centrifugal 
chromatogra-
phy 
Plates are made from 
circular glass or alu-
minium with a hole in 
the centre and is 
bolted on to the 
centrifuge. Mobile 
phase is delivered from 
a reservoir to the plate 
at a specified rate 
while the plate spins 
First applied to paper 
chromatography and 
has also been used in 
TLC 
(88,89) 
G r a d i e n t 
elution devel-
opment 
Solvent composition 
of the mobile phase 
is changed either in 
steps or continuously 
Commonly used in 
column chromato-
graphy, occasionally 
used in TLC for the 
separation of lipid 
mixtures having wide 
range of polarity 
(90,91) 
Reversed-
phase parti-
tion develop-
ment 
Development employs 
a relatively nonpolar 
stationary phase. Mo-
bile phase is relatively 
polar 
Used for the separa-
tion of long-chain 
molecules such as 
triglycerides, esters, 
fatty acids, and 
carotinoids 
(92) 
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1.8.9 Detection or Visualization 
After development, TLC plates are dried at or above room temperature 
to completely remove the mobile phase. The method of visualization is then 
carried out by physical, chemical or biological means. 
An ideal visualization procedure should be able to i) visualize nanogram 
quantities of separated substances ii) to give a visualized area that is firm 
on its appearance iii) to give satisfactory contrast between the visualized 
area and back ground and iv) to give a visualized area that is stable enough 
and suitable enough for quantitative measurement, if desired. 
Physical methods of detection involve spectroscopy, radiography. X-ray 
fluorescence micro analysis with a scanning collimated primary X-ray beam, 
UV radiation etc. Among these UV radiation is commonly used due to its 
high sensitivity. 
Chemical methods of detection involve the spraying of TLC plate with a 
suitable reagent which forms coloured compounds with separated species. 
Nanda and Devi have reported an enzymatic method (93) for the detection 
of heavy metals in fresh water. Nicolaus and Coronelli (94) have reported a 
microbiological method (i.e. bioautography) for the detection of antibiotics 
on TLC plates using triphenyl tetrazolium chloride (TTC). 
A comprehensive list of detection reagents is available in Volume II of 
the Handbook of Chromatography, edited by Zweig and Sherma (95). 
Reagents for specific compounds are found in the data tables of Volume I 
and in later volumes of this series. In TLC, the qualitative identification of 
species in a sample is based on the characteristic colour formed with 
specific spraying reagent in combination with R^ values (96). The reproduc-
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ibility of Rp values of the separated zone is very important for the exact 
identification of compounds. A high degree of reproducibility of R^ values 
can be achieved by keeping close control over the following parameters : 
Sample preparation, volatility and purity of mobile phase, direction and flow 
rate of mobile phase, chamber saturation, laboratory temperature, sample 
size, relative humidity, pH of the medium, layer activation temperature, layer 
thickness and solvent demixing. 
1.8.10 Documentation 
The process of documenting a developed chromatogram consists of evalu-
ation and recording of chromatogram. After noting spot location and 
colours, Rp values may be measured. Details about development chambers, 
mode of development, type of thin-layer and mobile phase, sample application, 
location reagents and methods should be reported while recording a 
chromatogram. The important ways for documenting a chromatogram are 
i) documenting by photography, ii) densitometry and , iii) printout from 
video monitor. 
Methods for documentation and storage of chromatograms are best 
described by Fried and sherma in one of the chapters of his book, Thin-
Layer Chromatography Techniques and Applications (77). 
1.8.11 Quantitation 
The three main approaches related to quantitative TLC include . i) visual 
stimation, ii) zone-elution and , iii) in-situ densitometry . 
i) Visual Estimation and Spot-size Measurements, 
This is the simplest form of semiquantitative analysis. The accuracy and 
reproducibility of which fall in the range 10-30%. A definite volume of sample 
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is chromatographed alongside standards containing known amounts of 
analyte. After detection, the weight of analyte in the sample is estimated by 
visual comparison of the size and intensity of the sample zone in the stand-
ards. The visual comparison works well if the applied amounts of sample are 
kept close to the detection limit and the sample is accurately bracketed with 
standards. 
In an attempt to standardize the- quantification methods in TLC, 
Mohammad and Tiwari (97); Shadrin et al. (98); Nanda and Devi (99) and 
Mlodzikowski (100) have established a linear relationship between the size 
of the spot and the amount of the analyte. 
ii) Zone-Elution and Spectrophotometry 
It involves drying the layer, locating the resolved analyte zones, scraping 
of the separated zones of sample and standards and elution of the analyte 
from the layer material with a suitable volatile solvent. The eluates are 
concentrated and analyzed by any independent microanalytical method. 
Scraping and elution processes are usually performed manual ly . 
Spectrophotometry has been the most widely used technique for quantification 
of eluted species. 
Hi) In-Situ Densitometry 
It is the most preferable technique for quantitation. Substances separated 
by TLC or HPTLC are quantified by in-situ measurement of absorbed 
visible or UV-light, or emitted fluorescence upon excitation with UV- light. 
Absorption of UV-light is measured either on regular layers or on layers 
incorporated with phosphor. Video densitometers are now available for 
quantitative densitometric analysis because of their high sensitivity, linear 
range of calibration curve and better selectivity. 
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1.9DEVELOPMENT AND APPLICATION OF INORGANIC TLC 
In it's early stage TLC was used mainly for the separation of organic 
compounds. Though the application of inorganic TLC was reported in 1949 
by Meinhard and Hall (60), the developments in TLC of inorganic ions 
appeared in the literature after the work of Seiler (101-103). The work on 
inorganic TLC up to the end of 1972 has been admirably documented by 
Brinkman et al. (104) and the work carried out during 1972-1980 has been 
presented by Kuroda and Volynets (105). The work on TLC of inorganics 
and organometallics covering the period 1978-1994 has been described by 
Mohammad and Varshney in chapters of the Handbook of Thin-Layer 
Chromatography edited by J. Sherma and B. Fried (106-107). A series of 
review articles (108-112) dealing with different aspects of inorganic TLC 
have also appeared. 
Some of the most interesting recent applications of inorganic and 
organometallic TLC include, the separation of anions as counter ions of metal 
diantipyrilmethane cationic complexes and diantipyrilmethane cations (98); 
identification and separation of metal ions in human placenta (113) and in 
wool materials (114); preconcentration of geological samples for subsequent 
ICP-AAS determination (115); separation of heavy metals followed by their 
determination at ppm levels using square wave anodic stripping voltametry 
(116); in - situ fluorescence spectra and detection of fluorescent cations on 
porous glass sheet (117); separation of Zn from Hf (118); effect of heavy 
metals on separation of periodate from other oxoanions (119); analysis of 
RE ores (120); complete separation of all noble metals (121); analysis of 
toxic metals in sea water and industrial wastewater (122); solid state disso-
ciation of metal chelates and reagent in silica gel stationary phase (123); 
identification of Zn complex formation in a particular silica layer containing 
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fluorescent indicator during tKe chromatography of porphyrins (124). Use 
of N,N-dialkyl-N-benzoyl-thiourea as new selective chelating agents for 
complexation and enrichment of Pt metals from strongly interfering 
matrices (125-127); separation of anions in the form of diantipyrilmethane 
(DAPM) complexes and salts of protonated DAPM; use of reversed - phase 
salting out TLC to transition metal coordination chemistry (128) and use of 
polyacrilonitrile as sorbent phase for the separation of mixed amino 
carboxylato cobalt (III) complexes (129). 
Literature published in the period 1973-1996 on the TLC analysis of metal 
complexes is presented in Table 1.3. The relative proportions of publication 
on the analysis of metals and metal cations (curve I), anions (curve III) and 
of metal complexes (curve II) are compared in Figure 1.5. The growth in 
TLC of metal ions reflected by the shape of the curves (curves I and II) 
slowed down during 1981-1982 when metal complexes became the choice 
of investigators. A decline in the number of publication on metal complexes 
and a subsequent increase in the number of publications on metal ions up to 
1987, is, however, noticeable. After 1987, the number of publications on 
metal ions decreased and the number of publications on metal complexes 
has increased with the exception of 1994. The number of publications in the 
field of anion TLC has been lower than that for metals and metal ions and 
for metal complexes. 
The number of publications appearing during 1973-1996 in important 
chromatographic and analytical journals is shown in Figure 1.6. Investiga-
tors have preferred to publish their findings in journals dealing exclusively 
with chromatography rather than more general analytically oriented 
journals. 
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1.10 CONCLUSION 
It is apparent from above description that there is always a necessity of 
developing new application-oriented TLC methods for rapid analysis of 
inorganic and organometallics. The present work was therefore, taken up 
and various aspects of the analysis of transition metal and rare earth 
chlorosulphates using TLC were examined. Aqueous and non-aqueous 
solvents were used so that the separation potential of this technique may be 
fully exploited. An effort has also been made to examine the quantitative 
aspects of some separations. As a result, some very simple, reliable and 
efficient separations of metal and rare earth chlorosulphates were achieved 
for the first time. 
Quantitative recovery of the metals as their chlorosulphates has been 
done using titrimetry, spectrophotometry and atomic absorption 
spectrophotometry (AAS) with preliminary TLC separation. Some impor-
tant physical parameters, e.g. ionic radii, magnetic moment and number of 
'd' electrons of central metal atom have been successfully correlated with 
Rp values. 
Chromatographic behaviour of rare earth benzoates (an intermediate com-
pound prepared during the synthesis of rare earth chlorosulphate) have also 
been investigated. Sorbent layers prepared in our laboratory from mixtures 
of chicken egg shell and silica gel or cellulose have been utilized for the 
separation of rare earth chlorosulphates. It is an attempt to develop inexpensive 
sorbent layer materials for their better utilization in chromatography. The 
complete work carried out during last five years has been described in the 
following five chapters. 
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CHAPTER II 
SEPARATION AND DETERMINATION 
OF COPPER AND NICKEL 
CHLOROSULPHATES 
67 
2.1. INTRODUCTION 
Chromatography is a very useful method for the separation, identification 
and quantification of the metals as their complexes, which are an important 
form of metals. Among chromatographic methods, TLC has always been 
recognized as an efficient and rapid separation technique for identification 
and semiquantitative analysis of inorganic species present in a variety of 
samples. The combination of speed, sensitivity and simplicity with resolution 
which exceeds the limit of low pressure column chromatography and paper 
chromatography ensures continued interest in the technique. Although the 
availability of high quality precoated HPTLC plates has further improved 
the sensitivity and accuracy of quantitative TLC, the search for impregnated 
and mixed sorbent layers is still continued for efficient and cost-effective 
routine analysis of organic and inorganic substances (1-4 ). 
Detailed information about TLC of metal complexes may be found in 
several reviews (5-11) and recent papers (12-18). M. Schuster (19,20) has 
recently proposed the use of N, N' dialkyl-N'-benzoylthiourea as selective 
complexing agents for enrichment of platinum metals (Ru, Rh, Pd, Os, and 
Ir) from strongly interfering matrices. M.B. Celap has analyzed mixed amino 
carboxylato cobalt (III) complexes by salting out TLC (21, 22). R.K. Ray 
and G.B. Kauffman (23) have examined the combined effect of the surface 
tension and the equivalent conductance of the electrolyte developer on the 
mobility (or Rp value) of cationic complexes on silica layers. 
The various metal complexes that have received attention in TLC studies 
include chlorides, sulphates, nitrates, mixed ligand complexes and metal 
xanthates etc. This study has been performed with the chlorosulphate anion 
(SO3CI) as the ligand. Chlorosulphates of transition metals [M(SO, CI), , 
where M=Mn, Fe, Co, Ni. Cu or Zijand rare earths [M (SO^Cl), . where 
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M=Y, Sm, Ce, Nd, Eu, Gd, Tb, Dy or Ybjhave been synthesized and 
reported without any study of their chromatographic analysis (24-27). 
Because these compounds contain the coordinated SO3CI entity they could 
be used as catalyst for a number of organic and inorganic reactions, and as 
potential precursors in synthesis of novel compounds, including 
organometallic compounds. An important separation of nickel from cobalt 
as their chlorosulphates on silica layers, using formic acid as mobile phase 
has recently been reported (28) from our laboratory. No systematic attempt 
has, however, been made to perform chromatographic analysis of transition metal 
chlorosulphates for their separation, identification and quantitative estimation. 
The purpose of this study was to develop a simple and reliable chromato-
graphic system for rapid TLC analysis of transition metal chlorosulphates 
both on unmodified silica, silica + alumina, cellulose or cellulose + alumina 
and on the same layers after modification by impregnation with aqueous salt 
solutions, DMSO and 1,4-dioxane. Cu chlorosulphate after TLC separation 
from Fe, Co or Mn chlorosulphates and Ni chlorosulphate after separation 
from Mn, Fe or Zn chlorosulphates have been quantitatively estimated. 
2.2 EXPERIMENTAL 
2.2.1 Apparatus 
A TLC applicator (Toshniwal, India), glass plates (20 x 3 cm) and glass 
jars (24 x 6 cm), Bausch and Lomb Spectronic 20 spectrophotometer, atomic 
absorption spectrophotometer GBC 902 DB and a digital pH meter CP 901 
were used. 
2.2.2 Materials Used 
Ethanol (Bengal Chemicals and Pharmaceuticals); silica gel and oxalic 
acid ( E. Merck, India); alumina, acetone, ammonium chloride, ammonium 
nitrate, the acetates of manganese, iron, cobalt, nickel, copper and zinc, 
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cellulose, N, N-dimethyl formamide and 1,4-dioxane (Central Drug House, 
India); disodium salt of ethylenediaminetetraacetic acid (Glaxo, India); 
methanol (Qualigens Fine Chemicals, India); and hydrochloric acid (BDH, 
India) were used. All other reagents were also of analytical grade. 
2.2.3. Test Solutions 
Chromatography was performed on solutions of the chlorosulphates of 
Mn, Fe, Co, and Cu (3%); Ni (1.6%) and Zn (1%) in DMF. Quantitative 
determinations of copper were performed with IxlO"' M solutions of the 
disodium salt of ethylenediaminetetracetic acid (EDTA) and buffer solution 
comprising a mixture of 0.2 M acetic acid and 0.2 M sodium acetate (i.e. 
pH= 3.0 - 4.0), both prepared in double-distilled water. The determination 
of nickel was carried out with 5x10'^ M solution of the EDTA and buffer 
solution comprising a mixture of 1 M ammonium hydroxide and 1 M ammo-
nium chloride (i.e. pH 9.0-10.0) in 1:1 ratio in double distilled water. The 
PAN (l-(2-Pyridylazo)-2-naphthol) and pyrogallol red indicators were 
prepared in a 1:1 mixture of alcohol and water by dissolving 0.5g in 50ml 
and 0.05g in 100 mL respectively. Aqueous solutions (Igm /mL) of KIO3, 
KIO,, Na NOj, NaNOj, KBr03. NaF, NajPO^ and NH^SCN were used to 
examine anionic effect on the separation of some metal chlorosulphates. 
2.2.4 Detection Reagents 
Cu and Fe chlorosulphates were detected with an aqueous solution of 
potassium ferrocyanide (1%), Ni and Co chlorosulphates with alcoholic 
dimethylglyoxime (1%) and Zn and Mn chlorosulphates with dithizone 
(0.5%). 
2.2.5 Stationary and Mobile Phases 
The stationary and mobile phases, and their combinations used in this 
study are listed in Table 2.1 
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Table 2.1 
Chromatographic Systems Used for the Separation 
of Metal Chlorosulphates 
Mobile phase Stationary phase 
No. Composition No. Composition Impregnation 
M, Water S, Silica gel 
M, Water S^  Silica gel+cellulose(l:l) 
M, Water Sj Silica gel DMSO 
M, Water S, SiHcagel-K:ellulose(l:l) 4% aq. NH.NOj 
M, Water S^  Silica gel 1,4-dioxane 
M, Water . S^  Silica gel+cellulose(2:l) 
M, Water S^  Silica gel+cellulose(2:l) l,4-dioxane+ 
water (1:1) 
M^ Acetic acid - methanol - Sg Silica gel+cellulose(l:l) 1,4-dioxane 
acetone, 3+1+6 
Mj Acetic acid - ethanol - S, Silica gel+alumina(l:l) 1,4-dioxane 
acetone, 3+1+6 
M^  Acetic acid - propanol - S^  Silica gel+alumina(l: 1) 1,4 - dioxane 
acetone, 3+1+6 
Mj Acetic acid - butanol - S, Silica gel+alumina(l:l) 1,4-dioxane 
acetone, 3+1+6 
M^ O.lMHCl-methanol- S, Silicagel+alumina(l:l) 1,4-dioxane 
acetone, 3+1+6 
M^ 6M HCl - ethanol - S,o Silica gel+cellulose( 1:2) 1,4-dioxane 
acetone, 3+1+6 
Mg 6M HCl - propanol - S,Q Silica gel+cellulose(l :2) 1,4 - dioxane 
acetone, 3+1+6 
M, 6M HCl - butanol - S^ ^ Silica gel+cellulose( 1:2) 1,4-dioxane 
acetone, 3+1+6 
M^ 6M HCl - ethanol - S,, Silica gel+cellulose(l:3) 1,4-dioxane 
acetone, 3+1+6 
M,o Formic acid - DMSO - S,^  Silica gel-falumina(l:l) 4% aq. NH^Cl 
acetone, 3+1+6 
M„ Formic acid-1,4-dioxane-S,2 Silica gel+alumina(l:l) 4%aq. NH^Cl 
acetone, 3+1+6 
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2.2.6 Synthesis of Metal Chlorosulphates 
An excess of HSO3CI acid was slowly added to the anhydrous metal 
acetate (= 5g). When the reaction subsided the contents were magnetically 
stirred for 12h. The precipitated compound was vacuum filtered, washed 
several times with HSO^Cl, and finally dried in vacuum to constant weight 
and kept under dry conditions, 
M (CH3 COO)^  + 2 HSO3CI -> M(S03Cl)2+2CH3COOH 
Where M = Mn, Fe, Co, Ni, Cu, or Zn. 
2.2.7 Preparation of TLC Plates 
The desired single or mixed stationary phase (20g) was homogenized 
with 60mL double distilled water by constant shaking for 5min. and the 
resulting slurry was coated immediately on 20x3 cm glass plates by means 
of a TLC applicator (Toshniwal, India) to produce a 0.25mm layer. The plates 
were dried at room temperature and activated by heating at 100±2°C for Ih. 
in an electrically controlled oven. After activation the plates were cooled to 
room temperature and stored in a closed chamber (SO^C) before use. 
Impregnated plates were prepared by homogenizing the stationary phase 
with 1,4-dioxane, DMSO, 4% aqueous solution of ammonium chloride or 
nitrate. Preparation of the impregnated plates was identical to that of the 
non-impregnated plates except that activation was performed at 80°C. 
2.2.8 Chromatography 
Chromatography was performed in 24x6 cm glass jars. The separation of 
metal (Mn, Fe, Co, Ni, Cu or Zn) chlorosulphates (MCSs) was achieved by 
observing the mobility of metal ions when developed with water at pH 
values between 1 and 10, the pH being adjusted by addition of 0.1 M hydro-
chloric acid or O.IM aqueous ammonia to the distilled water. Metal 
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chlorosulphate solutions (lOfxL, either singly or as mixtures) were applied 
1.5 cm from the lower edge of the plate by means of a lambda pipette. When 
the spots had dried, the plate was developed by the ascending technique at 
room temperature (25±2°C); the development distance was 10cm from the 
point of sample application. After development the plates were dried at room 
temperature and the position of the MCS spots on the plate were visualized 
immediately as brightly coloured spots by spraying the plates with the ap-
propriate detection reagents. 
The Rp value of each MCS was determined for each mobile phase and the 
optimum pH value for separation of the MCSs was selected. 
In order to study the effect of anions on the mobility and separation of 
cobalt or nickel chlorosulphate from iron, manganese and copper or zinc 
chlorosulphates, a mixture was prepared by adding the solution of above 
chlorosulphates in 1:1:1:1 ratio. 10 ^L of this solution was mixed with 10|a.L 
of anion solution and the resultant solution (20 |xL) was applied on the TLC 
plate. The spot was dried at room temperature and the plate was developed 
with double distilled water. The resolved spots of MCSs were detected and 
their Rp values were determined. The R^  values so obtained were compared 
with those achieved when a mixture of MCS is chromatographed under iden-
tical experimental conditions in the absence of anions. 
The quantitative determination of nickel chlorosulphate was performed 
by titrimetry while determination of copper chlorosulphate was carried out 
by both titrimetry and atomic absorption spectrophotometry (AAS). For 
titrimetry, chlorosulphate test solutions containing 0.03 mg of each of Mn, 
Fe, or Cu (for determination of Ni) and Mn, Fe and Co (for determination of 
Cu) were applied to the TLC plate followed by coincident spotting with 
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aliquot of nickel chlorosulphate solution containing 0.01621 to 1.296 mg of 
nickel (eight samples) and copper chlorosulphate solution containing 0.0345 
mg to 0.345 mg of copper (ten samples). For AAS , five test samples 
containing 0.50 ppm of Mn, Fe and Co mixed with copper chlorosulphate 
solution (7, 9, 11, 13 or 15 ppm of copper) were applied to different plates. 
The spots were dried at room temperature and developed using distilled 
water. A reference plate loaded with test sample solutions was simultane-
ously run to locate the exact position of nickel and copper chlorosulphates 
after their detection with dimethylglyoxime and potassium ferrocyanide 
respectively. The position of nickel and copper chlorosulphate spots were 
marked on the working plates (undetected plates) and the corresponding areas 
were scraped from the working plates into clean glass beakers respectively. 
For titrimetry of nickel, the scraped portion of the adsorbent was mixed 
with distilled water (lOmL) followed by adding six drops of bromopyrogallol 
red indicator and buffer solution (pH 9-10; 2mL). The change of violet-red 
colour of the solution to blue on addition of buffer indicates the presence of 
nickel in the solution. The mixture w^s well stirred for 2 min. and titrated 
directly with 5x10"^  M EDTA solution. The end point was indicated by a colour 
change from blue to claret red. 
For the determination of copper, the scraped portion of the adsorbent 
was mixed with distilled water (1 OmL) one drop of PAN indicator and buffer 
solution (pH 3-4 ; 1 mL). The mixture was then stirred for 2 min. and titrated 
with 1x10"^  M EDTA solution. The end point was the colour change from 
violet to golden yellow. The percentage recoveries of nickel and copper were 
obtained from the respective calibration curves (plot of volume of EDTA 
consumed by nickel or copper during direct titration) and the recovery curves 
(plot of volume of EDTA consumed by nickel or copper during titration of 
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the portion of adsorbent scraped from the plate). 
For AAS copper chlorosulphate was eluted from the adsorbent of the 
working plate with HNO, (2M; 5mL) and the eluate was diluted by addition 
of distilled water (10 mL) and digested to effect complete removal of HNO3. 
The white curdy precipitate was dissolved in HCl (IM; 2mL) and diluted to 
10 mL with distilled water. The resultant solution was submitted for quanti-
tative analysis and determination of the recovery of copper by AAS. 
The stability of all chlorosulphate solutions were checked by preparing 
solutions at different concentrations and measuring their absorbance (Bausch 
and Lomb Spectronic 20 spectrophotometer ; ^^^^ Cu=580 nm, 
?t^^^Co=620nm, A,^ _^^ Ni=560 nm, X^^^ Fe=490nm)at room temperature after 
time intervals of 5, 10, 20, 30 min. and 1,3,5 and 7h (Zn and Mn are colour 
less chlorosulphates). These sample solutions were then applied simultane-
ously on TLC plates (two samples per plate) and developed after similar 
time intervals as in the former case. After detection Rp values were measured. 
The stability of the colour intensity of metal chlorosulphate spots on the 
chromatogram was observed visually. The developed chromatoplates were 
protected from light and the spot intensities were compared after intervals 
of 15, 30, 45 and 60 min and 12, 18, 24 and 36 h. 
The reproducibility of Rp values was checked by determining the Rp of 
the same sample by three independent analyses and by the same analyst on 
different days under identical experimental conditions, in the same labora-
tory, using the same apparatus. 
2.3 RESULTS AND DISCUSSION 
Stability is an important and essential validation parameter in TLC 
analysis. Highly sensitive samples should not decompose during 
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development of the chromatogram and should be stable in solution and on 
the adsorbent for 15-30 min. The intensity of the spots on the chromatogram 
should be constant for at least Ih. No such data are available for 
chlorosulphates. 
In all cases steady absorbance readings indicated the stability of 
solutions of copper chlorosulphate. Marginal variation (< 5%) was observed 
in the Revalues of the MCSs. developed after storage periods up to 7 h. 
No significant change in the intensities of spots was observed after 
storage of developed plates, protected from light, for periods up to 36 h. 
This observation finds support from results of spectrophotometric 
measurement of the colour intensity of the MCSs in solution. 
Another important parameter is the reproducibility defined as the preci-
sion under different conditions such as different analyses and different days. 
The variation in Rp values measured by three independent analyses and by 
the same analyst on different days did not differ by more than 0.15 (i.e. 
±15%) from the average Revalue, indicating a good reproducibility. 
The chromatographic system comprising of silica gel + cellulose (2:1) as 
stationary phase S^  and distilled water (M,) as mobile phase was found the 
best system for achieving rapid quarternary separations e.g. Mn-Fe-Co/Ni-
Cu and Mn-Fe-Co/Ni-Zn chlorosulphates. Therefore, this system S -^M, was 
generally used for detailed study. The various aspects noticed during the 
present investigation are being summarized in following paragraphs. 
Figure 2.1 shows the dependence of Rp values on the pH of the mobile 
phase (in the caption R^  and R^ are, respectively, the Rp values of the 
leading and trailing edges of a spot). At low pH values (i.e. pH 1-3) all the 
MCS spots are highly compact and show higher mobility (Rp 0.65-0.9) than 
at higher pH values. Separations are possible in pH range 4-7 with the best 
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»H 1 
CO Cu Zn Mn F* Co Cu Zn Mn Ft Co Cu Zn 
pK I 
Ft Co Cu Zn Mn Ft Co Cu Zn Mn Ft Co Cu Zn Mn Ft Ce Cu Zn 
J 1 L 
pH 10 
J ' • • 
Ft Ce Cu Zn Mn Ft Ce Cu Zn 
Cation 
Figure 2.1 - Mobility of metal chlorosulphates with mobile phases of different pH: 
compact spot, \ - R^< 0.30; tailing spot, R^^ - R^ > 0.30; where R^  of Co 
- Rp of Ni 
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separation at pH 7. In alkaline media (pH 8-10) tailed spots were obtained 
for the chlorosulphates of Cu, Zn and Co or Ni. Interestingly, a highly 
compact spot was obtained for manganese chlorosulphate, which migrated 
almost with the solvent front over the entire pH range of mobile phase. A 
similar trend was observed for Co and Ni chlorosulphates, for which, the Rp 
was almost constant (0.95-0.75) in the pH range 1-8, tailed spots were ob-
tained at higher pH. The Rp values of the chlorosulphates of Fe (II), Cu (II). 
and Zn (II) decreased with increasing pH and gave tailed spots at pH > 7. 
Table 2.2 summarizes some of the chromatographic systems which can 
be used for multicomponent separations of MCSs. An interesting feature of 
this study is that all the MCSs produced single spots on the TLC plates; this 
makes their separation easier and reliable. With all the aqueous systems the 
chlorosulphate of Fe(II) remained practically at the point of application 
(Rp<0.2). 
Table 2.2 
Selective Separations of Metal Chlorosulphates 
Chromatographic 
system 
S,,S,.S,,S,,S,-M, 
S,-M,.M,,M3,M,,M, 
Ss-M, 
S,-M, 
S,-M3 
S,-M, 
S,-M5 
S,-M6 
S,„-M„M,,M, 
S„-M, 
Metal chlorosulphates 
separated 
Fe(ll) 
Ni(II), Co(II) 
Ni(ll), Co(II), Fe(II) 
Ni(Il), Co(ll), Cu(ll), Zn(ll) 
Ni(II), Co(II), Zn(ll) 
Ni(II), Co(II), Zn(II) 
Ni(II), Co(II), Zn(ll) 
Ni(II), Fe(II) 
Ni(II) 
Metal chlorosulphates from 
which separated 
Ni(II), Co(II), Cu(II), Zn(II), Mn(II) 
Fe(II), Cu(II), Zn(II), Mn(II), 
Zn(II), Cu(II), Mn(II), 
Fe(ll) 
Fe(ll) 
Fe(II) 
Fe(II),Cu(II) 
Cu(II) 
Fe(ll), Cu(II), Zn(II) 
Fe(II), Zn(II) 
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Silica gel + cellulose layers impregnated with 1,4-dioxane gave better 
spot compactness and resolution than impregnated silica gel + alumina 
layers. Among the mixed sorbents, layers prepared from silica gel + cellulose 
(2:1) were most suitable for rapid separation of transition metal 
chlorosulphates, the development time for these layers with both aqueous 
and organic mobile phases was less than for other sorbent layers. The best 
separation of Mn, Fe, Co, Ni, Cu and Zn was obtained on this mixture of 
adsorbents with double-distilled water (pH 6.48) as mobile phase. 
For a given mobile phase the absolute R^  values on mixed silica + cellulose 
layers differed from those obtained on a pure silica gel or cellulose layer. 
This happens because of dilution of silica gel, an active adsorbent, with the 
essentially milder inert adsorbent cellulose. Mixed silica gel + cellulose layers 
have been preferred by several workers (29-32) for TLC analysis of organic 
and inorganic substances. Mixed silica + sodium carboxymethyl cellulose 
layers (33) have proved useful for trace analysis of Co, Ni, Fe and Cu present 
in electroplating waste water. 
Table 2.3 illustrates the effect of anions on the mobility and separation 
of MCSs investigated using silica gel + cellulose (2:l)-water (i.e. S^-M,) 
system. It is clear from the Rp values that the presence of certain anions 
(10;, 10-3, Br O3-, NOj-, NO^", F", PO,^ - and SCN') does not interfere in the 
quarternary separation of MCSs. The well formed circular spots of Cu and 
Fe were transferred into elongated form in the presence of investigated 
anions without imposing any restriction on their separation. However, 
NH^SCN hampers the separation of Ni from Cu possibly due to formation of 
thiocyanate complexes. 
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Table 2.3 
Separation of Ni from Mn, Fe and Zn in the Presence of Selected Anions 
Anion 
I0"4 
10-3 
BrO-3 
NO-3 
NO-^ 
F-
PO^-
4 
SCN-
Mn 
Mn 
Mn 
Mn 
Mn 
Mn 
Mn 
Mn 
Mn 
Mn 
Mn 
Mn 
Mn 
Mn 
Mn 
Mn 
Separation 
(84-68) -
(78-68) -
(82-70) -
(81-68) -
(83-65) -
(80-62) -
(82-71) -
(78-68) -
(85-70) -
(81-72) -
(74-62) -
(77-67) -
(78-69) -
(82-69) -
(78-71) -
(82-72) -
1 of metal chlorosulphates 100 (K^ 
Co/Ni (62-49) • 
Co/Ni (65-55) -
Co/Ni (68-51) • 
Co/Ni (61-53) • 
Co/Ni (60-55) • 
Co/Ni (62-52) • 
Co/Ni (62-49) • 
Co/Ni (58-45) • 
Co/Ni (67-58) • 
Co/Ni (62-48) • 
Co/Ni (60-51) • 
Co/Ni (58-46) • 
Co/Ni (60-55) • 
Co/Ni (66-49) • 
Co/Ni (61-50) 
Co/Ni (66-52) • 
• Cu (41-24) 
• Cu (34-18) 
• Cu (30-20) 
• Cu (34-25) 
• Cu (34-28) 
• Cu (32-22) 
• Cu (35-19) 
• Cu (41-29) 
- Cu (37-18) 
- Cu (40-30) 
- Cu (34-27) 
- Cu (28-10) 
- Cu (30-18) 
- Cu (30-15) 
- Cu (48-00) 
- Cu (28-15) 
-RT)"* 
- Fe(18-0) 
- Fe(18-0) 
- Fe(19-0) 
- Fe(14-0) 
- Fe(17-0) 
- Fe(18-0) 
- Fe(19-0) 
- Fe(15-0) 
- Fe(16-0) 
- Fe(14-0) 
- Fe(27-0) 
- Fe(18-0) 
- Fe(05-0) 
- Fe(14-0) 
- Fe(34-0) 
- Fe(12-0) 
"' R^^ = R^  of leading front; R^^ = R^  of trailing front; Mobile phase - Distilled water; 
Adsorbent - Silica gel + cellulose (2:1) 
Table 2.4 illustrates the chromatographic characteristics of the mixed 
silica gel+cellulose layer. Mn and Co/Ni can be separated from Zn on 
cellulose layer by using water as the mobile phase. Unfortunately Fe and Cu 
produce tailing spots on cellulose, which impairs their separation from Zn. 
On silica gel the tailing of Fe and Cu is reduced and the separation of Mn 
from Co/Ni and that of Fe from Cu or Zn was always possible. On silica gel, 
however, the development time (24 min) was three times greater than on 
cellulose (7 min). The separation possibilities were further increased by use 
of mixed silica gel + cellulose (2:1) layers, on which it was possible to 
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resolve a four component mixture of Mn. Co / Ni, Fe and Cu / Zn, with a 
simple and nontoxic mobile phase, i.e. water. Fe and Cu give compact spots 
in this system and the development time is about 15 min. for 10 cm run. 
Table 2.4 
Average (n=5) R^  Values Obtained on Cellulose, Silica gel and Silica 
gel + Cellulose (2:1, w/w) Layers using H^ O as Mobile Phase 
Adsorbent Development time (min) hR^ values of metal chlorosulphates 
Mn Fe Co/Ni Cu Zn 
Cellulose 7 
Silica gel 24 
Silica gel + cellulose 15 
89 SOT") 90 
80 0 68 
86 0 76 
301 26 
16 13 
49 46 
"' tailed spot (RL-RT > 0.30) 
The Rp values of MCSs follow the order : 
Cellulose : Zn < Cu < Fe < Mn = Co/Ni 
Silica gel : Fe < Zn < Cu < Co /Ni < Mn 
Silica gel + cellulose: Fe < Zn < Cu < Co/Ni < Mn 
From this sequence of Rp values it may be assumed that silica gel plays 
the dominant role in controlling the mobility of MCSs on mixed layers. It 
can be further stressed that on silica or mixed layers, the electronic configu-
ration of the '3d' orbitals of the complexed transition metals is reflected in 
the mobility of MCSs i.e. the R^  value decreases as the number of'd'-elec-
trons increased in the order: Mn (II) (d^) > Co(II)(dO > Ni(II) (d^) > Cu (II) 
(d') > Zn(II) (d'°) (the metals are arranged in the order of decreasing R^ 
value). Fe(Il) (d*) deviates from this rule (Figure 2.2) as it remains at the 
point of application (Rp= 0) or gives a tailed spot, owing to hydrolysis. The 
order of Rp values also follows the'Irving William'stability sequence 
(invariant of ligand) of dipositive metal ions (34) i.e. Mn < Co < Cu. It seems 
that Mn chlorosulphate which is more mobile, is less stable than Co or Cu 
chlorosulphates. According to the literature (35) the paramagnetic moments 
of octahedral Mn, Co and Cu chlorosulphates are in orders: Mn (5.93 BM) 
>Ni (3.60BM) > Co (5.11BM) > Cu (1.84 BM). For Zn the Bohr Magneton 
(BM) is zero because there is no unpaired electron (d'° configuration). 
Figure 2.2 - Variation of mobility with number of 3d electrons 
There is, therefore, a direct correlation between the mobility (or Rp value) 
and magnetic moment of octahedral MCSs (Figure 2.3). Another correlation 
between the mobility and ionic radii of the central metal atoms (M-* ions, 
where M = Mn, Fe, Co, Ni, Cu, Zn) is also possible. (Figure 2.4). The Rp 
values increase with the increase in ionic radii for Mn, Co, Ni and Mn, Zn, 
Cu. A reverse trend, decrease in Rp values with increase in ionic radii was 
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tc 40 
1 2 3 4 5 6 
Magnetic moment 
iu^f. BM • 
Figure 2.3 - Plot showing the correlation of mobility with the paramagnetic 
moments of the metal bis-chlorosulphates 
ass 0.71 0.73 0.75 0.77 079 OAT 
* Ionic r a d i i (M I o n s ) A * 
Figure 2.4 - Correlation of ionic radii of M^"^  ions and mobility of metal 
chlorosulphates 
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noticed in the case of Fe, Cu and Ni, i.e. 
Order of Rp value Fe < Cu < Ni 
Order of ionic radii Fe > Cu > Ni 
These observations are in consonance with the findings of G. Vuckovic 
(36) who noticed similar trends for 2,4-pentanedionato complexes of Co, 
Rh, Cr and Ru on silica layers with water as developer. 
The calibration and recovery curves for the titrimetric determination of 
copper and nickel chlorosulphates after their TLC separations from Mn, Co, 
and Fe and Mn, Cu and Fe chlorosulphates respectively are shown in Figure 2.5. 
The percentage recovery of the method are 91.6 for Cu and 91.45 for Ni, which is 
suitable for the quantitative determination of copper and nickel as its chlorosulphates. 
The result of quantitative determination of copper by AAS are shown in Table 2.5. 
The recovery of copper was 95.5% within the limits of experimental error. 
Table 2.5 
Quantitative Determination of Copper by Atomic Absorption 
Spectrophotometry** 
Amount of copper Amount of copper Recovery Percentage Standard 
spotted (ppm) recovered (ppm) (%) error deviation 
7.0 
9.0 
11.0 
13.0 
15.0 
"' average (n = 3) 
From this data it is clear that this TLC method can be successfully used 
for microanlytical and preparative studies of copper and nickel present in 
environmental samples. 
6.7 
8.6 
10.5 
12.3 
14.4 
95.1 
95.6 
95.5 
94.5 
97.5 
-4.86 
-4.44 
-4.45 
-5.54 
-3.80 
0.325 
0.283 
0.141 
0.389 
0.190 
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Figure 2.5 - Calibration (A) and recovery (B) curves for titrimetric determination 
of copper and nickel chlorosulphates 
85 
REFERENCES 
1. B. Fried and J. Sherma, Thin-Layer Chromatography: Practice and Application, 
Marcel Dekker, New York, 1994. 
2. T. McCullough and M. Curlee, J. Chem. Educ, 70 (1993) 339. 
3. A. Mohammad and S. Tiwari, Microchem J., 47 (1993) 379. 
4. A. Mohammad, M. Ajmal and S. Anwar, J. Planar Chromatogr., 4 (1991) 319 
5. U.A.Th. Brinkman, G. De Vries, and R. Kuroda, J. Chromatogr., 85 (1973) 187. 
6. R. Kuroda, and M.P. Volynets, in : CRCHandbookofChromatogrcpi^: btorgardcs. 
Vol. I M. Qureshi, Ed., Press Boca Raton Fla, 1987 p. 89. 
7. A. Mohammad and K.G. Varshney, in Handbook of Thin-Layer Chromatog 
raphy: inorganics and Organometallies ,Vol. 55, J. Sherma and B. Fried, Eds., 
Marcel Dekker, New York, 1991, p. 463. 
8. J. Sherma, Anal. Chem., 64 (1992) 134 R. 
9. J.Sherma,^«a/. C;jem.,66(1994)67R. 
10. A. Mohammad and M.A. Majid Khan, Chem. Environ. Res., 1 (1992) 3. 
11. A. Mohammad, N. Fatima, J. Ahmad and M.A. Majid Khan, J. Chromatogr., 
642(1993)445. 
12. R.K. Ray and G.B. Kauffman, J. Chromatogr., 674 (1994) 271. 
13. G. Vuckovic, N. Juranic, D. Miljevic and M. B. Celap, J. Chromatogr., 585 
(1991)181. 
14. A. Orinak, K. Gyoryova and S. Lancaricava, J Planar Chromatogr; 6 (1991) 153. 
15.1. Baranowska, R. Poreba, J. Baranowski and R. Aleksandrovicz, J. Planar 
Chromatogr., 5 i\992)A69. 
16. N. Subutci, K. Saitoh and Y. Shibata, J. Chromatogr., 504 (1990) 179. 
17. A.R. Timerbaev, I.G. Tsoi and O.M. Petrukhim, J. chromatogr., 498 (1990) 337. 
18. A. Asolkar, A. Kumar, P. Pandey, and R. Bhardwaj, J. Liq. Chromatogr., 15 
(1992)1689 
19. M. Schuster, Fresenius, J. Anal.Chem., 342 (1992) 791. 
20. M. Schuster, B. Kaugler and K.H. Konig, Fresenius J. Anal. Chem., 338 (1990) 
717. 
21. T. J. Janjic, V. Zivkovic and M.B. Celap, Chromatographia, 38 (1994) 447. 
22. T.J. Janjic, V. Zivkovic, G. Vuckovic and M.B. Celap, Chromatographia, 37 
(1993) 535. 
86 
23. R.K. Ray and G.B. Kauffman. Transition Met. Chem., 17 (1992) 141. 
24. S.A.A. Zaidi, S.A. Zaidi, M. Shakir and M. Aslam, Polyhedron, 4 (1985) 365. 
25. Z.A. Siddiqi, M. Aslam, N.A. Ansari, M. Shakir and S.A.A. Zaidi, Synth. React. 
Inorg. Met. - Org. Chem. , 11 (1981) 475. 
26. J.K. Puri, P. Singh, V.K. Vats, N.K. Katyal and R. Prakash, Indian J. Chem., 25A 
(1986)974. 
27. R.C. Paul, D.S. Dhillon, D. Kanwar and S.K. Puri, J. Inorg. Nucl. Chem., 39 
(1977)1011. 
28. A. Mohammad, Indian! Chem. Tech, 2 (1995) 233 
29. B.V. Tucker and B.J. Huston, J. Chromatogr., 42 (1969) 119. 
30. S. Takitani, Y. Hala and N. Suzuki, Bunseki, Kagaku, 189 (1969) 626. 
31. S. Ren. Z. Hu, X. Jia and J. Zheng, Sepu, 6 (1988) 253. 
32. J. Wong, Z. Hu and J. Zheng, Yankuang Ceshi, 7 (1988) 10. 
33. J. Fan, L. Gao, F. Xinand S. Wang,FenxiHuaxue, 17 (1989)1007; Chem. Abstr., 
112 185434 s (1990). 
34. R. Bruce Martin in Handbook of Toxicity of Inorganic Compounds, H.G. Seller 
and H. Sigel, Eds, Marcel Dekker, New York, 1988, p. 16. 
35. M. Shakir, M Phil. Thesis, A.M.U. Aligarh, India, 1982. 
36. G. Vuckovic, N. Jm-anic and D.J. Radnovic and M.B. Celap, J. Chromatogr., 
446(1989)227. 
CHAPTER III 
SEPARATION AND 
SPECTROPHOTOMETRIC 
DETERMINATION OF COBALT 
CHLOROSULPHATE 
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3.1 INTRODUCTION 
Thin-layer chromatography (TLC) combined with modern instrumenta-
tion has become a widely used analytical technique for separating inorganic, 
organometallic and organic species from solution. The majority of TLC work 
has been performed on silica gel, cellulose, ion-exchangers, silica gel 
impregnated with complexing agents and alumina using organic or organic 
aqueous mobile phases. The present study was undertaken in order to 
develop a simple, rapid and reliable TLC method for the separation of 
transition metal chlorosulphates. Some new sorbent phases capable of 
causing differential migration of the complexes to give binary and ternary 
separations have been identified. In addition to the qualitative separations 
of metal chlorosulphates an attempt has also been made for the quantitative 
spectrophotometric determination of cobalt chlorosulphate. Several metal 
chlorosulphates have been synthesized in the recent past (1-8). The chroma-
tographic and spectrophotometric studies on these chlorosulphates have so 
far not been performed. It is therefore, of interest to develop a simple method 
for separation and quantitative determination of these transition metal 
chlorosulphates. 
3.2 EXPERIMENTAL 
3.2.1 Apparatus 
A TLC applicator (Toshniwal, India), electrical balance (Varbal, India) 
and Bausch and Lomb Spectronic 20 spectrophotometer were used. 
3.2.2 Materials Used 
Acetic acid, hydrochloric acid, ammonia, methanol and potassium 
thiocyanate (BDH, India); formic acid (FA), acetone, ethyl methyl ketone 
(EMK) or isobutyl methyl ketone (IBMK) (E. Merck, India); ethyl acetate, 
dimethyl sulphoxide (DMSO), N,N-dimethyl formamide (DMF) and silica 
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gel (Qualigens Fine Chemicals, Glaxo, India); alumina, kieselguhr, 
cellulose, acetates of nickel, cobalt, zinc, manganese, iron and copper 
(Central Drug House, India); w-butanol, acetic anhydride (Sarabhai M 
Chemicals India); benzene (India Drug and Pharmaceuticals Ltd.); ethanol 
(Bengal Chemicals and Pharmaceuticals Ltd.); n-propanol (Fluka AG) were 
used. All other reagents were also of analytical grade. 
3.2.3. Test Solutions 
1% solution of metal chlorosulphates in DMF were used for spotting on 
the chromatoplates. For spectrophotometric determination, 3.2% solution of 
Co chlorosulphate in DMF was used. 
3.2.4 Detection Reagents 
Saturated potassium thiocyanate in a mixture of acetone and water (6:1) 
was used as detector to locate the spots of Ni, Co, Cu and Fe chlorosulphates; 
dithizone solution (0.5%) in benzene was used to detect Zn and Mn 
chlorosulphates on chromatoplates. 
3.2.5 Stationary and Mobile Phases 
The Stationary and mobile phases used in this study are listed in Table 3.1 
Table 3.1 
Stationary and Mobile Phases Used for the Separation of Metal Chlorosulphates 
No. 
Ml 
M2 
MB 
M4 
M5 
M6 
Mobile phase 
Composition 
Ammonia -methanol, 9+1 
Ammonia-methanol, 1+1 
Ammonia-methanol, 1+9 
Ammonia-acetone, 1+9 
Ammonia-acetone, 1+1 
Ammonia-acetone, 9+1 
No. 
SI 
S2 
S3 
S4 
S5 
S6 
Stationary phase 
Composition 
Alumina 
Cellulose 
Silica gel 
Kieselguhr 
Silica gel + cellulose (1:1) 
Silica gel + cellulose (1:2) 
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M7 Ethyl acetate-benzene, 2+5 S7 
M8 Ethyl acetate-benzene, 5+2 S8 
M9 DMSO-acetone, 1+2 S9 
MIO DMSO-acetone, 2+1 SIO 
Mil HCl-acetone, 1+2 
M12 HCl - acetone, 2+1 
Ml 3 HCl-acetone, 1+1 
M14 HCl - methanol, 1+1 
Ml 5 HCl-methanol, 1+9 
M16 HCl - methanol, 9+1 
M17 HCl-DMSO, 1+9 
Ml 8 HC1-DMS0,9+1 
M19 Acetic acid - methanol - acetone, 30+10+60 
M20 Acetic acid - ethanol - acetone, 30+10+60 
M21 Acetic acid -n- propanol - acetone, 30+10+60 
M22 Acetic acid -n- butanol-acetone, 30+10+60 
M23 Acetic acid -n- pentanol- acetone, 30+10+60 
M24 Acetic acid -n- hexanol - acetone, 30+10+60 
M25 Acetic ac d - methanol - EMK, 45+5+50 
M26 Acetic acid - methanol - EMK, 50+5+45 
M27 Acetic acid - n- propanol - EMK, 20+20+60 
M28 Acetic acid - n- propanol - EMK, 25+15+60 
M29 Acetic acid - n- propanol - EMK, 15+35+50 
M30 Acetic acid - n- propanol - EMK, 20+35+45 
M31 Acetic acid - n- propanol - EMK, 25+35+40 
M32 Acetic acid - n- butanol - EMK, 30+10+60 
M33 Acetic acid - n- butanol - EMK, 35+5+60 
M34 Acetic acid - n-butanol - EMK, 45+5+50 
M35 Acetic acid - n- butanol - EMK, 50+5+45 
Silica gel + cellulose (2:1) 
Silica gel + alumina (4:1) 
Silica gel + alumina (9:1) 
Silica gel + alumina (7:3) 
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M36 Acetic acid - n- butanol - EMK, 60+5+35 
M37 Acetic acid - DMSO - EMK, 50+5+45 
M38 Acetic acid - DMSO - EMK, 60+5+35 
M39 Acetic acid - DMSO - EMK, 60+10+30 
M40 Acetic acid - DMSO - EMK, 60+15+25 
M41 Acetic acid - DMSO - EMK, 60+20+20 
M42 Acetic acid - propanol - (2) - acetone, 20+20+60 
M43 Acetic acid - propanol - (2) - acetone, 25+15+60 
M44 Acetic acid - propanol - (2) - acetone, 30+10+60 
M45 Acetic acid - propanol - (2) - acetone, 15+35+50 
M46 Acetic acid - propanol - (2) - acetone, 25+30+45 
M47 Acetic acid - propanol - (2) - acetone, 25+35+40 
M48 Acetic acid - n-butanol - IBMK, 30+10+60 
M49 HCl - «-butanol - EMK, 30+10+60 
M50 HCl - /7-butanol - IBMK, 30+10+60 
M51 HCl - methanol - acetone, 30+10+60 
M52 HCl - ethanol - acetone, 30+10+60 
M53 HCl -n- propanol - acetone, 30+10+60 
M54 HCl -n- butanol - acetone, 30+10+60 
M55 HCl -n- pentanol - acetone, 30+10+60 
M56 HCl -n- hexanol - acetone, 30+10+60 
M57 HCl - DMSO - propanol - (2), 1+1+1 
M58 HCl - DMSO - propanol - (2), 2+1+1 
M59 HCl - DMSO - propanol - (2), 1+2+1 
M60 HCl - DMSO - propanol - (2), 1+1+2 
M61 HCl - DMSO - acetone, 1+1+1 
M62 HCl - DMSO - acetone, 1+7+12 
M63 HCl - DMSO - acetone, 1+10+9 
M64 HCl - DMSO - acetone, 1+12+7 
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M65 HCl-DMSO-acetone, 1+15+4 
M66 HCl - DMSO - acetone, 1 +9+20 
M67 HCI - DMSO - acetone, 1 +20+19 
M68 HCl-DMSO - acetone, 2+1+1 
M69 HCl-DMSO - acetone, 2+19+19 
M70 HCl - DMSO - «-butanol, 1+1+1 
M71 HCl - DMSO - w-butanol, 1+1+2 
M72 HCl - DMSO - «-butanol, 1 +2+1 
M73 HCl - DMSO - n-butanol, 2+1+1 
M74 HBr - «-butanol - EMK, 30+10+60 
M75 Formic acid - acetone - ethyl ether, 1+1+1 
M76 Water -w-butanol -acetone -acetic acid - 5% ammonium hydroxide, 2+7+5+3+3 
M77 Water -«-butanol- acetone -acetic acid - 5% ammonium hydroxide, 2+3+5+7+3 
M78 Water -w-butanol-acetone-acetic acid - 5% ammonium hydroxide, 2+3+5+7+3 
3.2.6 Synthesis of Metal Chlorosulphates 
Transition metal chlorosulphates were prepared as described in Chapter 
II, Part 2.2.6 
3.2.7 Preparation of TLC Plates 
The method of preparation of TLC plates were also described in Chapter 
II, Part 2.2.7. 
3.2.8 Chromatography 
20 i^L of MCS solution was spotted on the chromatoplate with the help 
of micropipette. The spot was developed in desired solvent system by as-
cending technique. The solvent ascent was fixed to 10 cm in each case. Af-
ter the development was over, the plate was withdrawn from the glass jar 
and dried. The MCS was detected using appropriate detection reagent. 
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3.2.9 Spectrophotometric Determination 
To the cobalt chlorosulphate in DMF solution containing 0.065 to 0.65 
mg of cobalt, 0.1 mL of a mixture of saturated potassium thiocyanate in 
acetone and water (6:1) was added and the volume made up to 10 mL with 
DMF. After thorough mixing the solution was left for complete colour de-
velopment for about 5-10 min. The absorbance spectra of this solution were 
measured against reagent blank over 400-700 nm. It gave a maximum ab-
sorbance peak at 620 nm (^„3,)- The colour produced with cobalt 
chlorosulphate was stable and proportional to cobalt chlorosulphate con-
centration. The developed spectrophotometric method was applied to deter-
mine the cobalt chlorosulphate after the chromatographic separation from 
other metal chlorosulphates. For this purpose different volumes (0.01-0.1 
mL) of chlorosulphate solution containing 0.065 to 0.65 mg cobalt were spot-
ted on the chromatoplates. After the spots were completely dried, 0.064 mg 
of Ni were spotted on the same spot on the chromatoplates and the plates 
were dried at room temperature. The dried plates were developed in acetic 
acid-ethyl alcohol-acetone (30:10:60) solvent system. A pilot plate was also 
run simultaneously to locate the position of cobalt chlorosulphate. After the 
development, the area covering the spot was scraped from the plate and the 
cobalt chlorosulphate was extracted with DMF. The adsorbent was separated 
from the solute and washed with DMF to ensure complete extraction of co-
balt chlorosulphate. To the filtrate, 0.1 mL of reagent (mixture of saturated 
KSCN in acetone and water in 6:1 ratio) was added and the total volume in 
each case was maintained to 10 mL using DMF. The solution was left for 
complete colour development for about 5-10 min. The absorbance of devel-
oped colour was measured against the reagent blank at 620 nm using 1 cm 
cell and a calibration curve was constructed. The cobalt chlorosulphate was 
spectrophotometrically determined after its separation from other MCSs us-
ing the following relationships. 
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Percentage recovery = 100 - k 
xi-xt 
Relative error (k) = — x 100 
xt 
Where xi is the amoupt of Co obtained after extraction from the 
chromatoplate and xt the amount of Co spotted on the chromatoplate. 
3.3. RESULTS AND DISCUSSION 
The results have been summarized in Figures 3.1-3.4 and Tables 3.2 and 3.4. 
3.3.1. Chromatography 
In the solvent system containing no acid, all the complexes are either 
strongly adsorbed on all the adsorbents (alumina, cellulose or kieselguhr) or 
produce tailed spots. The extent of tailing increases with the increase in con-
centration of ammonia in the mobile phase. The non acidic eluents bear no 
practical utility in the separation of MCSs except for the ammonia-acetone 
(1:9) system which produces a ternary separation of Ni, Co, Mn (Figure 3.1) 
on alumina layers. 
In contrast to non-acidic solvent systems, acid containing solvent sys-
tems provide better separation possibilities, causing differential migration 
of complexes. Carboxylic acid containing solvent systems are better than 
hydrochloric acid containing solvent systems. Among the ketone containing 
solvent systems, acetone systems produce more compact spots compared to 
ethyl methyl ketone or isobutyl methyl ketone systems. The development 
time for acetone systems is smaller (30 min) compared with other ketone 
systems (Ih). Eluents containing methanol, ethanol or propanol produce 
rapid separation compared to butanol, pentanol or hexanol containing sol-
vent systems. Conversely, the higher alcohol containing eluents produce more 
compact and clear spots. The nature and the concentration of alcohol and 
acid in the solvent system strongly regulates the mobility of MCSs. 
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Silica gel is found to be a better adsorbent than alumina, cellulose or 
kieselguhr. Further, mixed adsorbents are better than single adsorbents for 
the differential migration of chlorosulphate complexes. Among the mixed 
adsorbents, alumina + silica gel (1:4) mrxed bed and cellulose + silica gel( 1:1, 
1:2) mixed beds are suitable for the separation of MCSs. The 12 - 20% con-
tent of alumina was found optimum in the mixture of alumina and silica gel. 
Hydrobromic or hydrochloric acid containing systems deform the plates pre-
pared from kieselguhr during development. 
The separation possibilities of chlorosulphates of transition metals are 
shown in Tables 3.2, 3.3 and Figures 3.1-3.3. Mn was easily separated from 
Ni or Co, on cellulose layers. Ni produces double spots in acetic acid-propanol 
(2) - acetone (20:20:60, 25:15:60, 30:10:60) systems showing the presence 
of two different species (Figure 3.1). Mixed adsorbents are also useful for 
mutual separation of Ni, Co, Cu and Mn in different solvent systems (Figure 
3.1/ Table 3.3 ). Co produced tailed spots in these systems on silica 
gel+cellulose (1:2. or 1:1) mixed bed (Figure 3.2), but Ni-Mn binary separa-
tion is always possible in these cases. Ni can be separated from Mn or Co 
very well on silica gel + cellulose (1:1) mixed with hydrochloric acid -
aIcohoI(s)»acetone (30:10:60) or acetic acid-«-butanol-ethyl methyl ketone 
or isobutyl methyl ketone (30:10:60) or acetic acid-«-butanol-ethyl methyl 
ketone or isobutyl methyl ketone (30:10:60) systems (Figure 3.2). However 
the ternary separation of Fe, Cu and Zn mixture is possible in acetic acid-«-
butanol-isobutyl methyl ketone (30:10:60) system. (Figure 3.3). Some other 
interesting separations (Ni-Co-Mn, Zn-Cu-Fe) can be visualized with the 
data in Table 3.3 and Figure 3.1-3.3. The cobalt and nickel, down to 4.064 
and 4.052 |i,g level, can be successfully detected on the chromatoplates 
using the detection reagent,saturated KSCN in acetone and water (6:1). 
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M I Ml 
Alumino 
CE 
1.0 
0. 
0 « 
04 
0.2 
OJO 
Ms Mf 
Cellutose 
- ^ M n 
Ni.Co 
M M i u M44 Mts Mtt 
Cellulose 
M„ 
Mil Mis 
Silicogel •Cellulose(i:2) 
M M M7) M22 Mjj M j i 
SiUcagel * Cellulose (2:1) 
Figure 3-1- Rr Values of Mn,Cc& Ni chorosulphates on different adsorberts 
• - Compoct spot ( RL - Rf <0.30 ) 
• - T a i l e d spot ( R L - R T > 0 . 3 0 ) 
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Mit Mjo M71 Mjz Mjj 
Alumino * Silica gel (1:4) 
'70 Mjl Mn MJJ 
Silica get •» Cellulose (t'-l) 
Mji Mj7 M$3 Mjt M$s Mje 
Silica gel -» CelLuse {\-\) 
Mti Mt j M50 
Silico gel * Cellulose (1:1) 
Figure 3 2 - Revalues 0I Mn,Coand Ni melol chlorosulphates on mixed adsorbents 
«—Compact spot ( Ri - R T < 0.30 ) 
A —Tailed spot ( Rt-RT>0.30 ) 
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Mio Mji M B M M M2« 
Alumina ••• Silica gel ( 1 : 4 ) 
Ms MS) M M 
Cellulose 
M M Mt« Mso 
Alumino * Silica gel (1:9 ) 
Ms M« 
Cellulose 
Figure 3-3 - RF values of Fe,Cu end Zn metal chlorosulphates on 
different adsorbents 
• — Compact spot ( R f RT< 030 ) 
A - Tailed spot ( Rt - Ri>0.30 ) 
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3.3.2 Spectrophotometry 
The results of spectroscopic determination of cobalt chlorosulphate are 
given in Figure. 3.4A, B using the optimum conditions described in section 
3.2.8. The calibration curve for cobalt chlorosulphate was constructed (Fig-
ure 3.4). Reagent blank shows negligible absorbance at X.^ ^^  (620 mrh). The 
absorbance gives a linear relationship in the concentration range 0.13 to 0.650 
mg of cobalt in the chlorosulphate solution. The maximum recovery of co-
balt after the TLC separation from nickel is 91%. 
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FigureBA-Spectrophotometric determination of cobalt chlorosulphate 
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CHAPTER lY 
SELECTIVE SEPARATION OF RARE 
EARTH BENZOATES ON NEW 
SORBENT LAYERS 
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4.1 INTRODUCTION 
Thin-layer chromatography is a popular technique for analysis of a wide 
variety of organic and inorganic substances, because of its distinct 
advantages such as minimal sample clean-up. wide choice of mobile phases, 
flexibility in sample detection, high sample loading capacity and low cost. 
The increasing utilization and interest of rare-earths (REs) in their 
geological and environmental roles [1,2] has led to the need to apply chroma-
tographic methods for qualitative and quantitative determination of the (RE) 
elements. The suitability of TLC procedures for the analysis of the RE has 
been demonstrated by several workers [3-15] using a variety of stationary 
and mobile phases and methods of detection. Excellent separations of RE 
have been achieved on silanized silica gel [7-11,16,17]. Ishida et al. [18] 
developed a simple TLC method for separation of REs on silica gel layers 
using aqueous ammonium nitrate solutions as eluents. An ion-exchange 
mechanism was proposed to account for the decrease in RE Rp values with 
increasing atomic number. This retention order was similar to that achieved 
by revered -phase TLC using bis(2-ethylhexyl) phosphate (HDEHP)-HNO, 
or HDEHP-HCl on silica gel [19-22] but opposite to that obtained by 
normal phase TLC on silica gel with HDEHP in CCl^ [23] or that obtained 
on silanized silica gel developed with organophosphorous compounds in 
HNO, [7,16,17]. Separation of REs has also been achieved on adsorbent 
layers impregnated with h igh-molecular weight amines [24] or 
organophosphorous compounds [25] which are capable of reacting reversibly 
with REs. Alternatively, separations have been realized by incorporating 
these complexing agents in the mobile phase. Mobile phases consisting of 
aqueous mineral acids, mixtures of polar organic solvents and mineral acids, 
or mixtures of mineral acids and ammonium salts have been used for the 
separation of REs on cellulose layers [26-28]. 
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Techniques used more recently for rapid qualitative and quantitative 
analysis of REs include centrifugal partition chromatography [29], circular 
TLC [30], TLC-ICP-AAS for pteconcentration and subsequent 
determination of REs in geological samples [51], TLC of RE-cx-
hydroxyisobutyrato complexes on C,g- bonded silica [32], and HPTLC of 
RE tetraphenyl porphine complexes on C,g and NH^ plates [33]. None of 
these studies, however, provides any information about the TLC behavior of 
rare-earth benzoates. 
The properties of metal ions are determined by their size and charge; 
because the rare-earths are all similar in size and charge their chemical 
properties are identical, and thus their mutual separation is difficult. Exami-
nation of the chromatographic behavior of RE benzoates is also of interest 
to enable understanding of the ionic bonding properties of the M^^  rare-earth 
cation (ionic size 8.5-10.6 nm). 
This chapter summarizes the results of the mobility of RE benzoates on 
different adsorbent layers, and selective separation of lanthanum from other REs. 
4.2. EXPERIMENTAL 
4.2.1 Apparatus 
A TLC applicator (Toshniwal, India), electrical balance (Varbal, India), 
glass plates (20 x 3 cm) and glass jars (24 x 6 cm) were used. 
4.2.2 Materials Used 
Ethanol (Bengal Chemicals and Pharmaceuticals); silica gel, oxalic acid, 
acetone, thionyl chloride, sodium benzoate (E. Merck, India); ammonium 
chloride, ammonium nitrate, silica gel, cellulose, sodium benzoate, ethyl 
methyl ketone (EMK), isobutyl methyl ketone (IBMK), dimethylsulphoxide 
(DMSO), propanol,benzene, oxides of lanthanum, cerium, neodymium. 
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gadolinium, samarium, europium, ytterbium, and terbium (Central Drug 
House, India); /j-hexane, cyclohexane, acetic acid, formic acid, and 
ammonia (Qualigens Fine Chemicals, India); butanol (Sarabhai M. Chemicals) 
iand other reagents were analytical grade and were used as received. 
4.2.3 Test Solutions 
(1 %) Solutions of rare earth benzoates in dilute nitric acid were used for 
chromatography. 
4.2.4. Preparation of Rare-Earth Benzoates 
The RE metal oxide (La, Ce, Nd, Sm, Eu, Dy, or Yb, (2g) was mixed 
with water (5 mL) to make a paste which was then dissolved in hydrochloric 
acid (6.0 M; 6 mL). The solution was neutralized to incipient precipitation 
with ammonium hydroxide (1 M) and then adjusted to pH 2.0 with 
hydrochloric acid (1 M). The solution was diluted to 200 mL, warmed to 
near boiling, and then treated with sodium benzoate (1 M; 40 mL) for 1 h. 
The mixture was digested for 4 h and then cooled, filtered, washed 
(to remove chloride ions), and dried under vacuum. The product was 
dehydrated at 85" C. 
4.2.5. Chromatography 
A homogeneous slurry of the stationary phase (20 g) and double-distilled 
water (60 mL) was prepared by constant shaking for 5 min. The slurry was 
coated immediately on 20x3 cm plates, as a 0.25 mm layer by means of a 
Toshniwal (India) TLC applicator. Plates were dried at room temperature 
and activated at 100±2°C for 1 h in an electrically controlled oven. Af^er 
activation the plates were cooled to room temperature and stored in a closed 
chamber at room temperature before use. No additional binder was used in 
the preparation of the plates. 
For impregnated plates the slurry was prepared by thorough shaking of 
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adsorbent (20g) with an alcoholic solution of aniline (1-10%)(40 mL) or 
. 1% aqueous solutions of ammonium nitrate or oxalic acid (60 mL)for 5 min. 
Coating of the plates was performed as for nonimpregnated plates except 
that amine-impregnated plates were dried in air at room temperature (30^C) 
and used without activation and plates impregnated with aqueous salt solu-
tions were activated at 100±2°C for 1 h. 
Chromatography was performed in 24x6 cm glass jars. RE benzoate 
sample spots (10 (xL) were applied to the plate on a line marked 1.5 cm from 
one edge, using lambda pipettes, and left to dry in air. Ascending 
development was performed to a distance of 10 cm from the point of 
application. After development the plates were dried at room temperature 
(30°C) and the positions of the REs were revealed as clearly observable spots 
by spraying with a l%methanol solution of 8-hydroxyquinoline (oxine) or 
by spraying with a dilute aqueous solution (0.5%) of arsenazo (III) and then 
exposed to gentle heating. For separation of the RE benzoates, samples (1%; 
10 iiL) of the benzoates were mixed and applied to the plates. 
4.3. RESULTS AND DISCUSSION 
After use of the arsenazo(III) detection reagent the RE benzoates were 
observed as green spots on a pink background; detection with 
8-hydroxyquinoline resulted in light yellow spots. Although the use of 
arsenazo (III) results in more intensely coloured spots, 8-hydroxyquinoline 
might be prefered because it is less expensive. 
Preliminary experiments showed that the RE benzoates were transported 
from the origin by organic and aqueous eluents such as ethanol, methanol, 
propanol, benzene, cyclohexane, w-hexane, isobutyl methyl ketone 
(IBMK),aqueous ammonia, copper acetate, etc. The R^  of lanthanum benzoate 
was between 0.1 and 0.9 in the different chromatographic systems whereas 
the mobility of the other RE benzoates showed little variation. 
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Table 4.1 
Chromatographic Systems Showing Possible Separations of Rare Earth 
Benzoates on Unimpregnated Plates 
Mobile phase 
5% aq. Ammonia 
IBMK 
1,4-Dioxane 
IBMK- benzene, 
IBMK - benzene. 
IBMK-methanol, 
1+1 
1+2 
1+1 
Stationary phase 
Cellulose 
Cellulose 
Cellulose 
Silica gel + 
Cellulose, 9:1 
Silica gel + 
Cellulose, 9:1 
Silica gel + 
Cellulose, 9:1 
Possible separation, with 
( I \ -R^) values") 
IBMK -butanol, 1+1 Silica gel + 
Cellulose, 9:1 
Benzene-propanol, I+l Silica gel + 
Cellulose, 1:1 
Benzene-cyclohexane- Silica gel + 
methanol, 1 +2+1 Cellulose, 2:1 
0.3 M aq. Ammonia Silica gel + 
alumina, 9:1 
0.5M aq. Ammonia Silica gel + 
alumina, 9:1 
0.7 M aq. Ammonia Silica gel + 
alumina, 9:1 
Acetic acid-propanol- Silica gel + 
eye lohexane 1+3+6 alumina, 1:1 
La (0-0.0) - Ce, Eu, Gd, Yb (0.90-0.70) 
La (0.3-0.1) - Sm, Ce (0.80-0.50) 
La (0.3-0.0) - Sm, Yb (0.60-0.50) 
La(2.0-0.0) - Ce, Nd, Sm, Dy (0.90-0.75) 
La (0.4-0.2) - Ce, Nd, Eu (p.80-0.60) 
La (0.4-0.3) - Ce, Dy, Yb (0.70-0.50) 
La (0.51-0.40) - Nd, Dy (0.70-0.50) 
La (0.55-0.45) - Ce, Eu, Dy (0.70-0.50) 
Dy (0.52-0.41) - Ce, Eu, Yb (0.90-0.70) 
La (0.4-0.30) - Ce, Nd, Yb (0.80-0.60) 
La (0.35-0.20) - Ce, Nd (0.70-0.50) 
La (0.28-0.16) - Ce, Nd (0.40-0.30) 
La (0.32-0.19) - Sm, Gd, Dy (0.58-0.49) 
»)R = R^  = Rp of leading edge of spot, Rj=Rp of trailing edge of spot. 
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Of 125 mobile phase-stationary phase combinations investigated, the few 
found useful for the separation of RE benzoates are listed in Table 4.1 , 
which also shows the REs separated. It is apparent from the table that La can 
be selectively separated from the other REs and that Dy and Nd were clearly 
separated from Ce and Eu. 
Use of aqueous ammonia as mobile phase can give good separations of 
La and Ce benzoates. 5% aqueous ammonia gave a highly compact spot for 
La (Rp= 0) on cellulose; this system can be used to separate La from Ce, Eu, 
Gd, or Yb (Rp= 0.80). The mobility of La on silica gel mixed with alumina 
decreased as the conentration of ammonia was increased. Interesting behavior 
was observed for lanthanum chromatographed on silica + alumina (9:1) layers 
developed with mobile phases containing alcohols of different carbon chain 
lengths-the mobility increased with increasing alcohol carbon number. 
The mobilities of the REs on impregnated plates developed with 
mixtures of aqueous salt solutions and organic solvents are listed in Table 
4.2. All the benzoates have lower mobility (Rp= 0.30) on impregnated alumina 
layers, whereas higher Rp values (except for La) were obtained on silica gel 
impregnated with aniline. Reducing the concentration of sodium nitrate in 
the mobile phase results in reduced tailing of the spots on aniline-impreg-
nated silica layers. The compactness of RE spots on silica gel impregnated 
with aniline depends on the nature of the inorganic ion in the mobile phase. 
The most compact spots were realized with bisulphate containing mobile 
phases. In these systems all RE benzoates migrate with the solvent front. 
Conversely, iodide containing mobile phases gave badly tailed spots. 
Mobile phases containing bromide or chloride gave fairly good results. 
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Table 4.2 
Chromatographic Systems and hR^ Values for Rare-Earth Benzoates on 
Impregnated Plates 
Mobile phase Stationary Impregnant hRp values •' 
phase La Ce Nd Sm Eu Gd Dy Yb 
Water Alumina l%aq.NH,N03 16 16 16 16 17 ND17 17 
5%aq.NH,N03 Alumina iroaq.NH.NOj 0 0 10 0 12 0 14 12 
Methanol- Alumina l%aq. Oxalic 5 6 5 8 6 5 5 5 
benzene, 9+1 acid 
Propanol-eye- Alumina l%aq. Oxalic 11 22 24 23 25 ND25 18 
lohexane, 1+4 acid 
l%aq.NaN03 Silica gel 1% ale. Aniline 10 35 13 15 45TND15 13 
3%aq.NaN03 Silica gel 1% ale. Aniline 13 18 8 17 13 23 15 13 
5%aq.NaN03 Silica gel 1% ale. Aniline 10 23T 9 15 28T 17T13 20T 
5% aq. NaN03 Silica gel 10% ale. Aniline 23T 20T lOT 20T 20T 15T 33T 30T 
5% aq. KI Silica gel 10% ale. Aniline TOT ST 501 901 751 4(Jr 551 751 
5%aq.KBr Silica gel 10% ale. Aniline 45 55 48 95T53 47 50 72T 
5%aq.KCl Silica gel 10% ale. Aniline 40 68T 38 38 60T 90T37 37 
5%aq.KHS0^ Silica gel 10% ale. Aniline 90 90 95 90 95 95 95 95 
»> hRp= 1 OOx R ;^ ND = not detected' T = tailed spot 
The separation sequence in TLC is influenced by a variety of factors in-
cluding the mode of separation (normal or reversed phase; cation or anion 
exchange) and the composition of the stationary and mobile phases. The data 
summarized in Tables 4.3 and 4.4 indicate that lanthanide Rp values can 
either increase or decrease with increasing atomic number.Such behaviour 
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has been reported by several workers [34-37] and has been explained in terms 
of lanthanide contraction on metal-ligand stability constants and the Lewis 
acidity of the metal ions. Both ion-exchange [18] and reversed-phase 
partition mechanisms [25. 38] have been proposed for the decrease in R^ 
values with increasing atomic number. In this work the decrease or increase 
in retention of REs as a function of atomic number may be attributed to the 
stability of the lanthanide benzoates, discrete changes in coordination number, 
and thermodynamic and transport properties associated with the different 
f-electron configurations. 
Table 4.3 
Systems in which hR^  Values of Rare-Earth Benzoates Increase with 
Increasing Atomic Number 
Mobile phase Stationar>' phase Metal ions (in order Respective hR^ 
of incr. atomic no.) values 
Benzene-methanol,H-2 Silica gel+alumina, 9:1 Nd,Eu,Gd,Dy 48 52 63,84 
Benzene-methanol, 2+1 Silica gei+alumina, 9:1 La, Nd, Eu, Yb 35,43,60,63 
Ptapanokydohexane, 1+2 Alumina-fcellulose, 1:1 La,Eu,Gd,Dy 17,20,33,38 
Prqjanol-Q'clohexane, 2+1 Alumina+cellulose, 1:1 La, Eu Gd, Dy 13,25,39,43 
IMNH^a Silica gel+cellulose,9:l La,Sm,Eu,Gd 59,70,77,83 
1,4-Dioxane-propanol, 2+1 Silica gel+cellulose, 9:1 La,Nd,Sm3u,Gd 63,64,73,81,82 
l,4-Dioxane-methanol,2+l Silica gel+cellulose, 9:1 La,Nd,Sm,Eu,Gd 65,71,76,80,82 
Benzene-propanol, 1+1 Silica gel+cellulose, 1:1 La, Nd, Eu, Dy 38,43,54,63 
Benzene-propanol, 2+1 Silica gel+cellulose, 2:1 Ce,Eu,Gd;Dy 37,38,47,56 
IBMK-methanol, 1+1 Silica gel+cellulose,7:3 La, Eu, Gd, Dy 56, 72,89, 95 
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Table 4.4 
Systems in which hR^ values of Rare-Eartfi Benzoates Decrease with Increasing 
Atomic Number 
Mobile phase Stationary phase Metal ions (in order Respective 
of incr. atomic no.) hR^ values 
IBMK-acetone, 1+1 Silica gel Ce,Eu,Dy,Yb 88,76.71,70 
IBMK-acetone, 1+1 Silica gel Sm, Eu, Gd, Dy 96, 84. 81, 78 
IBMK-benzene, 1+1 Silica gel Gd,Dy,Yb 90,88.84 
IBMK-benzene, 1 +2 Silica gel Eu, Gd, Dy, Yb 98, 76. 51,35 
1,4 - Dioxane-water, 2+1 Silica gel Sm, Eu, Gd, Yb 87, 85. 70,43 
IBMK-Benzene, 1+2 Silica gel+cellulose, 9:1 Sm, Eu, Gd, Yb 80, 76. 73, 71 
IBMK-benzene, 1+1 Silica gel+cellulose, 9:1 Sm, Eu, Gd, Yb 79, 70. 59, 53 
IBMK-methanol, 1+3 Silica gel+cellulose, 9:1 Eu, Gd, Dy 93, 84.65 
IBMK-Benzene, 1+3 Silica gel+cellulose, 9:1 Eu, Gd, Dy 70, 61. 58 
IBMK-butanol, 1+1 Silica gel+cellulose, 7:3 Sm, Eu, Gd 83, 81. 75 
IBMK-methanol, 1+1 Silica gel+cellulose, 7:3 Nd, Sm, Eu, 96,94. 72 
These results establish the utility of mixed adsorbent layers for 
selective separation of La, Dy, and Nd from some other REs. 
Since rare earth chlorosulphates are prepared from rare earth benzoates, 
the present thin-layer chromatographic study is of much importance. The 
information gathered from the retention behaviour of these rare earth 
benzoates on new sorbent layers are"helpful to select proper mobile or 
stationary phase to achieve some reliable separat ions of rare earth 
chlorosulphates. 
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CHAPTER Y 
CHROMATOGRAPHY AND 
SPECTROPHOTOMETRY OF RARE 
EARTH CHLOROSULPHATES 
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5.1. INTRODUCTION 
Thin-layer chromatography coupled with simple instrumentation is 
considered to be a very convenient and rapid method for effective 
separation, identification, and quantification of organic and inorganic 
species (1-3). With the appearance of new extraction and chromatographic 
methods for separating mixtures of elements (4-8), the separation of rare 
earth elements (REE) has assumed importance, particularly because of their 
increasing technological, industrial, and environmental applications. 
According to the literature, high- performance liquid chromatography (HPLC), 
high-performance TLC (HPTLC), and reversed and normal-phase TLC have 
been used successfully for the separation of REE and their complexes. 
In recent years several interesting papers have been published on TLC 
separation of rare earths using non-impregnated silica gel (9-10); silanized 
silica gel (11-12); silica gel impregnated with mono-(2-ethylhexyl) acid 
phosphate (13); with high molecular-weight amines (14-15) and with HCl; 
Dowex 50X8 (16); fixion X8 (17-18); synthetic inorganic ion-exchangers 
(19); mixtures of silica gel, cellulose and /or NH^NOj (20-21); C,g-bonded 
silica (22-23); and cellulose ion-exchangers (24) as layer materials. Several 
complexing agents (25-27) have been used for the separation of REs before 
performing their chromatography or in the mobile phase. Some of these 
reagents require closely controlled conditions for success and others require 
high temperatures. Attempts to use bis (2-ethylhexyl) orthophosphoric acid, 
tributyl phosphate, and trioctyl phosphine oxide, either as impregnant (8-13) 
or in the mobile phase (28-29) have also been reported by several workers. 
The mobile phase used for the separation of rare earths include, aqueous 
solutions of alkali metal salts (30-31), mineral and carboxylic acids of 
different concentrations (13-14), mixed aqueous organic solvent system with 
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or without mineral acids (18-19), organic solvent mixtures and mixed 
solvent systems consisting of bis-(2-ethylhexyl) phosphate, HNO^, 
tetrahydrofuran, and oxo-organic compounds (29). The HPTLC behaviour 
of twelve RE(III) porphyrin complexes on octadecyl and aminopropyl-bonded 
silica gel plates (27), TLC of RE binuclear compounds (32) and the reversed-
phase TLC of RE - (a-hydroxy) isobutyrato complexes (24), and of 
RE-lactato complexes (23) have recently been reported. 
The ligand attached to the central metal atom in the complex greatly 
influences the retention factor (33). 
Alkyl and aryl chlorosulphates are convenient intermediates for the 
synthesis of esters or amides (34,35). Similarly, metal chlorosulphates 
M(S03C1)3 are a special class of compounds containing coordinated (SO^Cl) 
anions which could be used as catalysts for several organic and biochemical 
reactions and as potential precursors for the synthesis of novel compounds 
including organometallic compounds (36). No information is, however, avail-
able about the behaviour of RE chlorosulphates on any stationary phase 
either in HPLC or TLC/HPTLC. This investigation was, therefore, of 
considerable interest in order to develop a simple, rapid, inexpensive 
analytical method for the analysis of RE chlorosulphates. 
5.2. EXPERIMENTAL 
5.2.1 Apparatus 
A TLC applicator (Toshniwal, India), glass plates (20 x 3 cm) and glass 
jars (24 x 6 cm) and Bausch and Lomb Spectronic 20 spectrophotometer 
were used. 
5.2.2 Materials Used 
Sodium acetate, sodium formate, potassium iodide, potassium bromide. 
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sodium benzoate, cellulose, alumina, silica gel H and G, and oxides of 
yttrium, neodymium, samarium, gadolinium, europium, terbium, dysprosium, 
cerium, and ytterbium (Central Drug House, India); acetic acid, formic 
acid, and 1,4-dioxane (Qualigens Fine Chemicals, India); thionyl chloride, 
N.N-dimethyl formamide (DMF), and chlorosulphuric acid (S.D. Fine Chemicals, 
India). Other chemicals used were of analar grade. 
5.2.3 Test Solutions 
1% solutions of Y, Ce, Nd, Sm, Eu, Gd, Tb, Dy, and Yb chlorosulphates 
in DMF were used for chromatography. 
5.2.4 Detection Reagent 
The detection reagent for all the rare earth chlorosulphates was a dilute 
aqueous solution (0.5%) of arsenazo (III). 
5.2.5 Stationary and Mobile Phases 
The stationary and mobile phases and their combinations used in this 
study are listed in Table 5.1 
5.2.6. Synthesis of Rare Earth Chlorosulphates M (SOjCl), (M=Y, Ce, 
Nd, Sm, Eu, Gd, Tb, Dy, Yb) 
Rare earth benzoates were prepared as described in Chapter IV. Part 4.2.3. 
The dehydrated RE benzoate (= 5g) was added in portions to 
chlorosulphuric acid (30 mL) in a closed reaction vessel while maintaining 
the temperature of the mixture at approximately 400°C. When the reaction 
subsided the solution was magnetically stirred for 6-8 h. The precipitate so 
formed was filtered under vacuum, washed several times with chlorosulphuric 
acid, and dried to constant weight. The resulting solid was stored under dry 
conditions. 
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Table 5.1 
Stationary and Mobile Phases Used for the Separation of Metal 
Chlorosulphates 
Mobile phase 
No. Composition 
Stationary phase 
No. Composition Impregnation 
Organic Solvents 
M, Acetic acid 
Mj Acetone 
Mj Benzene -15 -
crown - 6 
M^  Cyclohexane 
Dibenzo -
crown - 6 
Mj ibenzo-18 
Mg Dimethyl formamide 
M, 1,4 - dioxane 
Mg Ethyl methyl ketone 
M, Formic acid 
M,„ Isobutyl methyl ketone 
M,, Methanol 
M,2 Oxalic acid IM aqueous 
Aqueous salt solutions 
S, Cellulose 
Sj Silica gel G 
S3 Cellulose + 
alumina (1:1) 
S^  Silica gel + 
alumina (9:1) 
Sj Silica gel G 
S^  Silica gel G 
S, Silica gel H 
0.1M Potassium bromide 
O.IM Sodium acetate 
O.IM Sodium acetate 
M„ Litliium chloride 
'13 
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M,. Potassium bromide 
14 
M,j Potassium iodide 
M,, Sodivmi acetate 
M,^ Sodium chloride 
M,g Sodixmi formate 
Mixed solvent systems 
M, 5, Acetone - formic acid, 1+1,7+3 
MjQ Sodium acetate - sodium formate, 1+1, 7+3,7+3 
Mj, Sodium acetate - potassium bromide, 9+1 
Mjj Sodium acetate - potassiimi Iodide, 9+1 
Mjj Sodium formate - acetone, 1+1,2+1,1+3 
Mj^ Sodium formate - butanol, 1+2 
M^j Sodium formate -1,4 -dioxane, 1+3 
Mjg Sodium formate - methanol, 1+3 
M^, Sodium formate - dimethyl formamide, 1+1,9+1 
Mjg Sodium formate - potassium bromide, 1+1,9+1 
Mj , Sodiimi formate - potassium iodide, 1+1, 1+9,9+1, 7+3 
M30 Sodium formate - potassiimi iodide. 1+1, 1+9,9+1, 7+3 
M3, Sodium formate - sodium chloride, 9+1 
M32 Sodium formate - dibenzo - 1 8 - crown - 6,1+3 
M33 Sodium formate - dibenzo - 1 8 - crown - 6 - dimethyl formanide, 4+3+3 
Salt solutions were taken as 1 .OM and all other organic solvents were 
used without dilution 
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5.2.7 Preparation of TLC Plates 
TLC plates were prepared as descrihed in Chapter II. 
5.2.8 Chromatography 
Chromatography was performed in 24 x 6 cm glass jars. The sample 
solution (10 |i,L) was applied on the plate approximately 3 cm from one end, 
on a marked line, by means of a micropipette and the spot was left to dry in 
air. The development distance was fixed to 10 cm from the point of sample 
application during development. The developed plates were dried in air at 
room temperature (30°C) and the RE chlorosulphates on the plates were 
subsequently detected by spraying with the arsenazo (III) reagent. The R^ 
(Rp of leading front) and R^ (R^ of trailing front, values of the spots were 
measured. 
For RE chlorosulphate separations, solutions (10 p,L) of each metal 
chlorosulphate were mixed and the resulting mixture was applied on the plate. 
The plate was developed with the appropriate mobile phase and the resolved 
RE chlorosulphates were detected as greenish-blue spots on the semi-dried 
TLC plate. The brightness of the detected spots faded with time as a result 
of drying of the TLC plate. 
Arsenazo (III) reagent (0.5%; three drops) was added to a solution of 
yttrium chlorosulphate in DMF (2.0-14.0 |J.L containing 40.8-285.5 |j.g 
yttrium). The volume was diluted to lOmL with distilled water and the 
solution was left undisturbed for 5 min. to enable complete colour develop-
ment. The absorbance spectrum of this solution was measured against rea-
gent blank between 480 and 680 nm. Maximum absorbance was observed at 
640 nm C^^^^)- The colour produced with yttrium chlorosulphate was stable 
and proportional to yttrium chlorosulphate concentration. 
This spectrophotometric method was used to determine yttrium 
chlorosulphate after chromatographic separation from other rare earth 
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chlorosulphates, viz. Nd and Yb. Different volumes of yttrium chlorosulpiiate 
solution containing 40.8-285.5 (Xg yttrium were mixed with a solution 
containing neodymium and ytterbium chlorosulphate (30 ^ig of each). The 
resulting mixture containing yttrium (40.8-285.5 p-g), neodymium (30 [ig), 
and ytterbium (30 |j,g) was spotted on a set of TLC plates (referred to as 
working plates). A second set of plates (referred to as pilot plates) were also 
loaded with the same amounts of Y, Yb, and Nd chlorosulphate as on the 
working plates. The plates were dried at room temperature and both sets of 
plates were developed simultaneously with I.O M sodium formate. After 
development the region containing the yttrium spot on the pilot plates was 
detected. The corresponding region on the working plates (undetected spot) 
was marked and this area of adsorbent was scraped into a clean beaker, mixed 
with indicator (3 drops), and diluted with distilled water (8 mL). The 
contents were well stirred and the solution left for 5 min for complete colour 
development. The adsorbent was removed by filtration, washed and the 
filtrate was diluted to 10 mL with distilled water. 
The absorbance at A, = 640 nm was measured for each solution against 
reagent blank using a 1cm cell and a calibration curve was constructed. The 
percentage recovery of yttrium after its chromatographic separation from 
neodymium and ytterbium, and the relative error, were obtained. 
5.3. Results and Discussion 
5.3.1. Chromatography 
Among the solvent systems examined, aqueous salt solutions provide 
better separation and sharp detection zones for all the rare earths. Silica gel 
H impregnated with 0.1 M HCOONa (S,) was found to be the best adsorbent 
because it yielded more compact spots for most of the REs. The R^  values of 
RE chlorosulphates on plain, mixed, and impregnated layers with various 
solvent systems are shown in Table 5.2. 
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Table 5.2 
Rj, Values of Rare Earth Chlorosulphates for Selected Chromatographic 
Systems 
Mobile 
phase 
M, 
M. 
M, 
M„ 
M„ 7:3 
Stationary 
phase 
s, 
Y 
38 
70T 
90 
54T 
60T 
Ce 
ND 
ND 
90 
46 
ND 
Nd 
0 
32T 
80 
90 
SOT 
hR, 
Sm 
ND 
40T 
89T 
62T 
70T 
Eu 
28 
0 
ND 
22 
42T 
Gd 
43 
28 
90T 
SOT 
40T 
Tb 
49 
40 
90T 
SOT 
40 
Dy 
46 
49 
90 
SOT 
40 
Yb 
0 
SOT 
91 
SOT 
46T 
9:1 12 ND 20 26 19 24 29 27 37T 
0 0 0 0 0 0 0 0 0 
8 0 10 0 10 9 11 9 12 
89T 9ST 9ST 89T 94T 82T 83T SOT 88T 
S8T ND 74 71T ND 88T 20 37 60T 
72 ND 24 29 28 24 60 40 46 
46 ND 39 52T 62T 47 SOT S9T 56T 
M3 
M3 
M„ 
M,3 
M„ 
M30 
M, 
M7 
M, 
M,« 
M3 
M5 
M, 
M,s 1:1 
M 3 , 
M33 
s, 
S3 
S4 
S3 
30 
20 
33 
34 
9 
18 
18 
48T 
70 
8S 
39 
19 
ND 
ND 
ND 
ND 
ND 
24 
0 
60 
20 
20 
19 
14 
0 
0 
10 
40 
21 
60 
20 
23 
28 
22 
0 
2S 
10 
48T 
30 
82T 
20 
24 
ND 
10 
0 
19 
30 
40 
ND 
70 
23 
24 
29 
26 
0 
0 
0 
ND 
IS 
S4 
31 
30 
ND 
26 
0 
0 
20 
71 
ND 
71 
33 
30 
ND 
24 
10 
0 
19 
SOT 
60T 
77T 
36 
26 
48 
40 
5 
20 
31 
SOT 
69T 
88T 
5 
M, 
M, 
M.6 
M,, 
Mp 
M,8 
M,, 
6 
s, 
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10 ND 15 20 38 0 0 5 30 
90T ND 90T ND 90T 90T ND ND 40 
ND 74 40T 39 ND 39 ND 25 ND 
66 ND 16 24 ND 29 24 39T 47T 
44 
24 
22 
33 
17 
44 
88 
39 
57 
56 
67 
39 
28 
25 
40 
39 
26 
28 
39 
29 
46 
26 
44 
32 
16 
46 
21 
ND 
15 
16 
31 
ND 
35 
35 
47 
27 
Mobile phases containing crown ethers (Mj, M,, M^^, and M^^ ) failed to 
effect differential migration of RE chlorosulphates despite yielding highly 
compact spots on silica layers (S^, Sj, S )^. With dibenzo-18-crown-6, Y, Sm, 
Ce, and Eu chlorosulphates showed no mobility on these layers and remained 
almost at the point of application. Tb, Dy, Nd and Yb chlorosulphates, on 
the other hand, were slightly mobile (Rp = 0.25). Tailed spots were obtained 
for Dy and Yb chlorosulphates with dibenzo-18-crown-6 - DMF (1:3 v/v) on 
Sj layers, although a reduction in tailing was observed when sodium formate 
was added to this mobile phase (e.g. M33). None of the rare earth 
chlorosulphates showed any movement and remained almost at the point of 
application with benzene - 15 - crown - 6 as mobile phase (M3). 
All RE chlorosulphates were more mobile when chromatographed with 
acid- containing solvent systems (M, , M,, Mj^). Lower Rp values were 
obtained with alkanes, ketones or alcohols as mobile phase with cellulose, 
alumina + cellulose (1:1), and silica gel + alumina (9:1) layers. 
Differential migration was obtained for all RE chlorosulphates when 
chromatographed on silica gel (S^), silica gel impregnated with 0.1 M KBr 
(S5) or 0.1 M HCOONa (S^), silica gel H impregnated with 0.1 M HCOONa 
(S,) and with aqueous solutions of sodium and potassium salt. The separa-
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tions achieved are summarized in Table 5.3. Mixed adsorbents (silica gel + 
alumina) and (cellulose + alumina) were found to be unsuitable for the sepa-
ration of rare earth chlorosulphates. Reliable binary and ternary separations 
with various aqueous salt solutions, especially 1.0 M sodium formate were 
achieved on silica gel G or H impregnated with 0.1 M sodium formate; more 
compact and brighter spots were obtained on silica gel H. 
Table 5.3 
Separation of Rare Earth Chlorosulphates Achieved with Selected 
Chromatographic Syatems 
Mobile Stationary Separation achieved (R -^R )^") 
phase phase 
M, SI Tb (0.00-0.00) - Y (0.38-0.32) 
M,g Ce (0.20-0.00) - Y (0.40-0.30) 
Eu (0.11-0.00) - Dy (0.37-0.20) 
M,2 S2 Tb (0.67-0.31) - Sm (0.99-0.80) 
M,g Tb (0.54-0.30) - Gd (0.86-0.71) or Sm (0.99-0.89) 
M,g Eu (0.50-0.40) - Yb (0.70-0.68) or Sm (0.91-0.80) 
M„ Ty (0.00-0.00) - Dy (0.53-0.30) or Yb (0.43-0.20) 
Mj, Sm (0.30-0.00) - Yb (0.39-0.32) 
Y (0.37-0.28) - Nd (0.60-0.50) 
M,g S6 Eu (0.00-0.00) - Dy (0.39-0.30) 
Y (0.15-0.00) - Yb (0.59-0.50) or Nd (0.63-0.50) 
M„ S7 Ce (0.20-0.00) - Y (0.44-0.30) 
Gd (0.74-0.60) - Sm (0.99-0.86) 
M,g Y (0.48-0.00) - Yb (0.66-0.59) or Nd (0.76-0.56) 
Yb (0.46-0.24) - Nd (0.78-0.60) 
Sm (0.24-0.18) - Nd (0.56-0.44) 
Eu (0.34-0.24) - Nd (0.53-0.43) 
Y (0.27-0.11) - Gd (0.50-0.40) - Nd (0.50-0.40) 
Y (0.34-0.18) - Sm, Eu (0.48-0.42) - Nd (0.70-0.50) 
Y(0.32-0.12) - Gd,Yb(0.52-0.42) -Nd(0.73-0.61) 
"> R^= R^  of leading front; R =^ R^  of trailing front 
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The separation possibilities of RE chlorosulphates with salt solutions of 
higher concentration as the mobile phase were investigated. A general trend 
of increasing Rp values with increasing mobile phase concentration was ob-
served for all RE chlorosulphates (Table 5.4). Ce could not be detected when 
4 - 5 M sodium formate was used as mobile phase. The development time 
increased with the increasing concentration of alkali salt in the mobile phase. 
Table 5.4 
Rp Values of Rare Earth Chlorosulphates with Increasing Concentration of 
mobile Phase 
Mobile Concentration Stationary hRp") 
phase of salt solution phase Y Ce Nd Sm Eu Gd Tb Dy Yb 
S^  64 69 75 76 74 78 71 82 86 M„ 
H; 
M„ 
1M 
2M 
3M 
4M 
5M 
0.5M 
1.5M 
2.5M 
1M 
2M 
3M 
4M 
5M 
S^  57 63 65 58 57 69 64 60 80 
S, 50 73 71 72 69 64 77 75 78 
S, 69 80 68 73 54 77 78 79 70 
S, 70 84 90 90 88 88 90 90 78 
S, 21 49 45 24 30 24 19 15 30 
S, 22 52 52 22 36 39 29 28 50 
S, 21 53 46 29 36 39 27 38 45 
S, 22 88 67 40 39 39 21 44 47 
S, 29 83 68 57 48 59 36 58 64 
S, 50 ND 58 56 64 61 42 68 72 
S, 67 ND 87 79 73 65 69 69 76 
S, 68 ND 76 79 88 70 74 79 80 
''>ND = Not detected 
The variation of Rp values with the ionic radii of the rare earth cations 
was investigated; except for Yb a linear relationship was obtained when log 
hRp of the RE chlorosulphates was plotted against cation ionic radii (Figure 
5.1). 
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O K 0.%» OJO 0.92 0.t4 0J( OJI 1.00 1.20 
Ionic radii of M*'^ (A*) 
Figure 5.1 - Correlation of the ionic radii of M'^  ions with mobility of metal 
tris - chlorosulphates 
Figure 5.2 illustrates the variation of ionic radii and hRp values with the 
magnetic moments of the RE cations and chlorosulphates (Figures 2A and 
2B). A decrease in ionic radii or hRp values was observed for some REs (viz. 
Ce, Nd, Gd and Dy) with increasing magnetic moment. Because the observed 
magnetic moments (37) of RE tris (chlorosulphates) i.e. Dy (SOjCl)^ (10.41 
BM), Gd (SOjCOj (8.3 BM), Nd (SOjCl), (3.75 BM) and Ce (SO3CI), (2.85 
BM) are in good agreement with the magnetic moments of corresponding 
RE cations, i.e. Dy^* (10.60 BM), Gd^ ^ (7.94 BM), Nd^" (3.62 BM) and Ce^ ^ 
(2.54 BM), comparison of the magnetic moments with ionic radii or hRp 
showed trends similar to those shown in Figure 5.2. 
5.3.2. Spectrophotometry 
The results of spectrophotometric determination of yttrium chlorosulphate 
are given in Figure 5.3. A calibration curve for yttrium chlorosulphate was 
constructed using the optimum conditions, described in Section 5.4. The 
absorbance is linearly dependent on concentration in the range 40.8-285.5 
|j,g yttrium in the chlorosulphate solution. The maximum recovery of 
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Figure 5.2 - Variation of mj^etic moments of rare earth cations and chlorosulphates 
with (A) the ionic radii of the M "^ ions and (B) the hR^ values of the rare 
earth chlorosulphates 
131 
CoUbrotion curve Recovery curve 
so 100 ISO 200 2S0 300 
micro grams of V 
SO too ISO 200 2S0 300 
micro grams of V 
Figure 5.3 - Calibration and recovery curves for spectrophotometric determination 
of yttrium chlorosuiphate 
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yttrium after TLC separation from neodymium and ytterbium is 88.5%. 
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CHAPTER VI 
SEPARATION OF METAL 
CHLOROSULPHATES ON LAYERS 
PREPARED FROM SORBENTS 
CONTAINING CHICKEN EGG 
SHELL POWDER 
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6.1 INTRODUCTION 
The development of thin-layer chromatography (TLC) and its suitability 
to the analysis of organic and inorganic substances has been well documented 
in many recent papers and reviews (1-7). TLC in combination with modern 
instrumentation such as spectrophotometry, densitometry, atomic absorp-
tion spectrophotometry (AAS) etc. have been used in the analysis of bio-
logical, pharmaceutical, biomedical and environmental samples. 
Conventional layer materials such as alumina, cellulose, kieselguhr, silica 
gel etc. have been generally used as stationary phases. Chemical modifica-
tion or impregnation of these sorbents with organic or inorganic substances 
have been found useful to obtain improved selectivity. Certain layer materi-
als have also been recently introduced in the area of TLC for the analysis of 
metal complexes (8,9). The recent work on TLC of metal complexes have 
been reviewed (7,10) and some interesting papers have been published by 
M.B. Celap (11,12) and R.K. Ray (13,14). 
Chlorosulphuric acid has been employed as a useful, strong, non-aque-
ous and acidic solvent (15,16) and its use as a novel reagent for the synthe-
sis of metal chlorosulphates (MCSs) has been reported (17-19). Details re-
garding the synthesis, spectral studies and stereochemistry of various 
chlorosulphates are available. Except our investigations (20-22) with silica 
containing materials, no work has been reported on chromatographic exami-
nation of these compounds. 
In the present study, an attempt has been made (probably first time) to 
utilize chicken egg shell powder as the layer material for the analysis of 
inorganic metal complexes i.e. metal chlorosulphates (MCSs). Some inter-
esting applications of egg shell/egg shell membrane include removal of heavy 
136 
metal ions from their dilute waste solution (23); preparation of calcium salts 
for therapeutic use as calcium supplement (24); removal of odour from 
garlic powder (25); kinetics of some sucrose catalysed by invertase 
immobilized on egg shells (26); hydrolysis of casein by immobilized pepsin 
on egg shells (27); hardness maintenance of brined ume fruits (28) and the 
preparation of cosmetic creams (29). Investigations regarding chemical com-
position and the application of egg shell and associated lysosomes in food, 
pharmaceuticals, fertilizers and others have been published in Chinese 
language (30). 
The present study is useful as it provides a direction for developing low 
cost sorbent phases for TLC analyses of metal complexes. 
6.2. EXPERIMENTAL 
6.2.1. Apparatus 
A TLC apparatus (Toshniwal, India) was used for the preparation of 
sorbent layers, glass plates (7.5 x 2.5 cm) and glass jars (10x4 cm), electri-
cal balance (Varbal, India) and common grinder were also used. 
6.2.2. Materials Used 
Ammonium acetate, ammonium oxalate, ammonium thiocyanate, (Loba 
chemica, India); sodium acetate, ammonium chloride, ammonium sulphate 
(Ranbaxy, India); sodium benzoate, cellulose, alumina, silica gel H, oxides 
of yttrium, neodymium, samarium, gadolinium, europium, terbium, dyspro-
sium and ytterbium, acetates of manganese, cobalt, nickel, copper and zinc 
(Central Drug House, India); formic acid (E. Merck, India); thionyl chlo-
ride, N N-dimethylformamide (DMF), chlorosulphuric acid (s.d. Fine Chemi-
cals, India); Chicken egg shell (from natural source) were used. Other chemi-
cals used were of analar grade. 
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6.2.3. Test Solutions 
1% solutions of Mn, Co, Ni, Cu, Zn, Y, Nd, Sm, Eu, Gd, Tb, Dy and Yb 
chlorosulphates in dimethyl formamide were used for chromatography. 
6.2.4. Detection Reagents 
1% aqueous solutions of potassium ferrocyanide for Cu chlorosulphate, 
alcoholic dimethyl glyoxime for Ni and Co chlorosulphates, 0.5% solutions 
of dithizone in chloroform for Zn and Mn chlorosulphates and aqueous 
arsenazo (III) solution (= 0.5%) for all rare earth (RE) chlorosulphates were 
used as the detection reagents. 
6.2.5. Stationary and Mobile phases 
Stationary and mobile phases used in this study are listed in Table 6.1. 
6.2.6. Synthesis of Metal Chlorosulphates 
The metal chlorosulphates were synthesised by reported methods (17,18), 
as described in Chapters II , IV and V. 
6.2.7. Preparation of Chicken Egg Shell Powder 
Broken egg shell pieces were first washed with boiling water followed 
by distilled water and then soaked in 1% NaOH solution for a period of 20-
30 h to remove protein contents. The solution was drained off and the cleaned 
egg shell pieces were washed several times with distilled water to ensure 
complete removal of NaOH, dried at lOO^C, ground and sieved to get the 
powder of 150-250 mesh size. The resultant egg shell powder was used to 
make slurry for coating on TLC plates without addition of any binder. For 
the preparation of mixed layers, egg shell powder was first mixed in a defi-
nite proportion with cellulose or silica gel and then slurried with appropri-
ate quantity of water. TLC plates were prepared as described in Chapter II. 
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6.2.8. Preparation of TLC Plates 
TLC plates were prepared by homogenising the stationary phase (20gm) 
with distilled water (60 mL for mixed layers and 40 mL for pure egg shell 
layers) for 5 minutes. Coating procedure is the same as described in 
Chapter II. 
6.2.9. Chromatography 
Chromatography was carried out ih 10 x 4 cm glass jars. The sample 
solution (5(J.L) was applied on TLC plate about 1.5 cm from one end with a 
lambda pipette and the spot was allowed to dry in air. The solvent ascent 
was fixed to 5 cm from the point of sample application during development. 
The developed plates were air dried at room temperature (-SO^C) and subse-
quently the position of MCSs was detected by spraying with suitable rea-
gents followed by measuring the Rp values of leading (RJ and trailing (R^) 
fronts. 
For MCSs separation, a mixture of 2 or 3 MCSs was prepared by mixing 
5 (xl solution of each MCS and 1-3 (xL of the resultant mixture was applied 
on TLC plate. The plate was developed with suitable mobile phase and the 
resolved MCSs were detected on semi-dried TLC plates. The detection of 
MCSs on completely dried TLC plates was found poor. 
6.3. RESULTS AND DISCUSSION 
The important results of this study are given in Tables 6.2 and 6.3. Table 
6.2 provides the information about the mobility of MCSs in various chroma-
tographic systems. Based on the data of Table 6.2, some of the separations 
of MCS achieved experimentally have been tabulated in Table 6.3. 
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Table 6.2 
Sorption Behaviour of Metal Chlorosulphates in Various Chromatognipliic Systems 
Sorption behaviour of metal chlorosulphates 
Stationary phase Mobile phase Metal ions with low R^  Metal ions with high R^  
values values 
s, 
s. 
S3 
S4 
s. 
s. 
s. 
S,o 
Sn 
s. 
s. 
Su 
M, 
M,o 
M^ 
M,, 
M^ 
M,o 
M3 
M,3 
M,. 
M30 
M, 
M. 
M, 
M.0 
M. 
H 
Ms 
Ms 
M.3 
M. 
M3, 
M.S 
M.3 
M. 
M^ 
RE 
RE,Zn 
RE 
RE 
RE 
RE 
RE 
RE 
RE' 
RE 
RE,Zn 
RE, Cu, Zn 
RE 
RE,Zn 
RE, Zn, Cu 
RE, Zn, Cu 
Cu 
Y,Cu 
RE, Zn, Cu 
Y,Cu 
Y, Yb, Cu, Gd, Cu 
Zn 
Yb,Zn 
RE, Cu, Zn 
RE 
Ni, Cu, Zn 
Ni 
Ni, Cu, Zn 
Ni, Cu, 
Ni,Zn 
Ni, Cu, Zn 
Co,Ni,Cu 
Mn, Co, Ni, Cu 
Co,Ni,Cu 
Co, Ni, Cu 
Ni,Cu 
Ni 
Co,Ni,Cu,Zn 
Co,Ni,Cu 
Co,Ni 
Co,Ni 
Ni 
Ni 
Co,Ni 
Nd,Dy,Co,Ni 
Co,Ni 
Gd, Dy, Co, Ni 
Nd,Sm,Eu,Gd,Tb,Co,Ni 
Co, Ni 
Mn, Co, Ni, Cu, Zn 
* RE = Rare earths (Y, Nd, Sm, Eu, Gd, Tb, Dy, Yb) 
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Cellulose, chicken egg shell, silica gel G or H and their combinations 
were used as stationary phases to examine the retention behaviour of 
MCSs.TLC plates coated with egg shell were deformed during development 
with 1% aqueous oxalic or acetic acid solutions. However, the layers were 
found stable in certain acidic mobile phase e.g. 1% of 5M hydrochloric acid 
in methanol, 1% formic or acetic acid in lower alcohols (methanol, ethanol, 
propanol, butanol), 1% oxalic acid or citric acid in IM aqueous salt solu-
tions etc. It seems that the presence of organic solvents and salt solutions in 
the mobile phases retards the ionization of acids to the value where acid 
concentration fails to decompose CaCO, (the major constituent of egg shell)'^  
to calcium salts. The innate capacity of egg shell to act as adhesion improvers 
(31), helps in the preparation of egg shell slurry without addition ©f any 
binder. The chemical reaction of egg shell with some of the mobile phases 
results in the formation of a water insoluble layer over the egg shell layer 
during development. Hence it is appropriate to use mixed layers instead of layers 
prepared from pure egg shell powder. 
Some important binary separations of rare earth chlorosulphates (RECSs) from 
Ni, Co, or Zn chlorosulphates were achieved on egg shell layers with IM solutions 
of ammonium acetate (M,), 5M ammonium thiocyanate (Mg) and 1% formic acid in 
IM ammonium nitrate (M,^ ). R^  values of all MCSs on pure cellulose layers were 
higher when developed with aqueous salt solutions or acidic mobile phases. Tailing 
of RECSs on cellulose layers reduces the separation possibilities. Pure silica layers 
were found good enough for differential migration of MCSs, but good separations 
with the mobile phases studied, could not be achieved. Amongst mixed layers, cel-
lulose + egg shell (1:1 and 9:1 w/w) were fovmd useful to achieve binary separations 
(Table 6.3). Silica gel + egg shell mixed layers gave better results, yielding more 
compact spots compared to egg shell or cellulose + egg shell mixed layers. Use of 
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silica gel H instead of silica gel G further improved the compactness of spots and 
sensitivity of the method. Silica gel H mixed layers were excellent providing better 
separations of MCSs with different mobile phases. Separations such as Y, Yb or Tb-
Zn, Cu, Sm, Eu or Dd - Co or Ni were achieved on silica gel H + egg shell (2:1 w/w) 
layers developed with M .^ In our opinion the system M^-Sj^  is the most suitable 
chromatographic system for selective separation of various MCSs. 
Table 63 
Separation of Metal Chlorosulphates Achieved with Selected 
Chromatographic Systems 
Stationary Mobile Metal chlorosulphate separations (Rj^ -R )^* 
phase phase 
RE(0-0)-Ni (0.34-0.16) 
RE (0-0) - Ni, Cu,Zn (0.48-0.35) 
RE (0-0) - Zn (0.22-0.11) - Ni, Co (0.44-0.38) 
RE (0-0) - Ni, Cu, Zii (0.28-0.10) 
RE(0-0)-Ni (0.48-0.40) 
RE (0-0) - Ni, Cu, Zn (0.33-0.11) 
RE (0-0) - Co, Ni, Cu (0.49-0.40) 
RE (0-0) - Co, Ni, Cu (0.49-0.40) 
RE, Zn (0.11-0.0) - Co, Ni, Cu (0.49-0.41) 
RE, Zn (0.1-0.0) - Co, Ni, Cu (0.48-0.40) 
RE, Zn (0-0) - Cu (0.27-0.15) -Co, Ni (0.49-0.32) 
Y, Yb, Tb, (0.20-0.1)-Zn, Cu, Sm, Eu, Gd (0.28-0.25)-Co,Ni 
(0.44-0.38) 
Zn (0.11-0.0) - Gd, Dy, (0.37-0.31) - Co, Ni (0.49-0.40) 
RE, Zn (0.10-0.0) - Co, Ni, (0.40-0.36) 
Nd, Sm, Zn (0.10-0.0) - Cu (0.35-0.18) - Co, Ni (0.42-0.40) 
RE, Zn (0-0) - Cu, (0.29-0.10) -Ni (0.41-0.32) 
» RE = Rare earth (Y, Nd, Sm, Eu, Gd, Tb, Dy, Yb); R^  = R^  of leading from; R^  = R^  of 
trailing front 
s, 
S3 
s. 
S5 
s, 
Ss 
S,o 
s,. 
Su 
M, 
M. 
M.a 
M,„ 
M . 
M„ 
MM 
M, 
M. 
M, 
M. 
M. 
Mn 
M.s 
M„ 
M4 
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Most of the mobile phases selected for this study consist of ammonium salt 
solutions in order to eliminate the possibility of displacement of calcium ions (Ca^) 
from egg shell by cation of mobile phase during development. The change of salt 
concentration from 0.1 to 5 M in the mobile phase did not reveal any remarkable 
change in the R^  values of RECSs and remained at the point of application {R^= 0) 
on all stationary phases examined irrespective of the nature of mobile phase used for 
development. Cobalt and nickel chlorosulphates showed almost identical and higher 
Rp values (Rp> 0.65) and Cu chlorosulphate gave mid Rp value. Zn chlorosulphate 
showed a typical behaviour, remaining at the point of application with RECSs 
or migrating with the solvent front depending on the nature of solvent sys-
tems. Among the mobile phases studied, IM solutions of ammonium acetate 
(M,), ammonium sulphate (M )^ and ammonium thiocyanate (M )^ 5M ammo-
nium thiocyanate (Mj); mixed solvent systems of formic acid (M,^  j^) and 
aqueous salt solutions (M,3^ ,^ ) gave better results of separation (Table 6.3). 
Ammonium sulphate solution (l.OM) was found to be the best solvent sys-
tem for the separation of MCSs. 
Both silica gel and egg shell used in TLC studies are porous. Silanol 
groups (Si-OH) are the sorption active centers of silica gel surface. 
Interactions of the species to be separated at active sites on the silica gel 
results in chromatographic separations according to the following ion-
exchange reaction: 
m(-Si-O-H) + M"* == M (-OSi) "-•" + mH^ 
Similarly, calcium carbonate being the major component of pure egg shell 
(29,30), a cation exchange reaction appears to take place where a metal ion 
M"* from solution comes in contact with CaCOj. Thus, the enhanced separa-
tion possibilities on silica gel + egg shell mixed layers arise due to the com-
petition between the metal ion and the exchangeable ion of silca gel (H*) 
and /or egg shell (Ca^^). 
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The separation of metaJ ions on calcium carbonate column (32) as well 
as on calcium carbonate static phase has been reported (33). On the basis of 
potentiometric investigations (34) the process of separation on calcium car-
bonate has been termed as the hydrolytical precipitation chromatogtaphy. A 
similar ion-exchange mechanism can be assumed to be operational in the 
present case due to the presence of calcium carbonate in egg shell. 
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Summary — The chromatographic effects of some transition metal chlorosulphates on silica gel, cellulose, kieselguhr, alumina, alumina + silica gel (1:9, 1:4, 3:7 
w/w) and silica gel + cellulose (1:1, 1:2, 2:1 w/w) thin layers have been examined in mixed acidic solvent systems. Analytically important binary and ternary 
separations of metal chlorosulphates have been realized. Carboxylic acid containing systems have better separation potential compared to HCI containing systems. 
Propanol and butanol containing systems were found better in terms of resolution and more clear detection of spots on all stationary phases. Compared to alumina 
and kieselguhr, silica gel showed improved efficiency; providing more separation possibilities. With alumina most of the mobile phases failed to give separations 
as the metal chlorosulphates remained at the point of application (Rf 0.20). The chromatoplates coated with kieselguhr were deformed during development with 
hydrochloric acid containing systems and the spots were neither compact nor clearly visible after detection. Among the mixed beds silica gel + alumina and silica 
gel + cellulose combinations work well to provide several separations of analytical importance. Spectrophotometric determination of chlorosulphate of cobalt has 
also been worked out and the recovery after elulion from silica gel + cellulose (2:1) plates has been estimated at the respective A.niax value which is 620 nm (Co), 
and it provides a molar absorptivity of 454.5 1 mol" cm 
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Resume — Comportement de chlorosulfates de m^taux de transition en chromatographie en couche mince et determination spectropliotometrique du 
clilorosulpliate de cobalt. Le comportement de quelques chlorosulfates de metaux de transition en chromatographie en couche mince sur plusieurs supports a 
ete etudie avec differents solvants acides. On a ainsi realise des separations binaires et temaires importantes. Les systemes avec acides carboxyUques provoquent 
une meilleure separation, compares aux systemes avec HCl. Les systemes avec propanol et butanol sont meilleurs en resolution et la detection des spots sur toutes 
les phases stationaires est plus efficace. Compares a I 'alumine etau kieselguhr, les gels de silice ont une meilleure ejficacite. Avec I 'alumine. la plupart des phases 
mobiles ne permettent pas de separation (RfO.20). Les plaques enduites avec le kieselguhr sont deformees pendant le developpement a I'acide chlohydrique et les 
spots sont mal identifies. En revanche, les melanges gel de silice + alumine et gel de silice+cellulose permettent des separations importantes. La determination 
spectrophotometrique du chlorosulphate de cobalt apres elution sur gel de silice + cellulose (2:1) a etefaite a la valeur Xmax de 620 nm (Co), et le coefficient 
molaire d'absorption etait de 454.51 mol' cm' . 
thin layer chromatography / transition metal chlorosulphates / acid, alcohol, ketone eluents / separation 
Introduction 
Thin layer chromatography (TLC) combined with modem instrumen-
tation has become a widely used analytical technique for separating 
inorganic, organometallic and organic species from solutions. The 
majority of TLC work has been performed on layers of silica gel, 
cellulose, ion-exchangers, silica gel impregnated with complexing a-
gents and alumina using organic or organic-aqueous mobile phases. The 
present study was undertaken in order to develop a simple, rapid and 
reliable TLC method for the separation of transition metal chlorosul-
phates. Some new sorbent phases capable of causing differential migra-
tion of the complexes to give binary and ternary separations have been 
identified. In addition to the qualitative separations of metal chlorosul-
phates, an attempt has also been made for the quantitative spectropho-
tometric determination of cobalt chlorosulphate. Several metal chloro-
sulphates have been synthesized in the recent past [1-8]. The 
chromatographic and spectrophotometric studies on these chlorosul-
phates have so far not been performed. It is, therefore, of interest to 
develop a simple method for separation and quantitative determination 
of these transition metal chlorosulphates. 
Materials and methods 
Materials used 
Acetic acid, hydrochloric acid, ammonia, methanol, or potassium thiocyanate 
were from BDH, India. Formic acid (FA), acetone, ethyl methyl ketone (EMK) 
or isobutyl methyl ketone (IBMK) from E Merck, India. Ethyl acetate, dimethyl 
sulfoxide (DMSO), N,N'-dimethyl formamide (DMF) or silica gel were obtai-
ned from Qualigens Fine Chemicals, Glaxo, India; alumina, kieselguhr, cellu-
lose, acetates of nickel, cobalt, zinc, manganese, iron and copper were from the 
Central Drug House, India; n-butanol, acetic anhydride from Sarabhai M 
Chemicals, India). Benzene (India Drug and Pharmaceuticals Ltd), ethanol 
(Bengal Chemicals and Pharaceuticals Ltd), n-propanol (n-prop OH) (Fluka 
AG) were used. All other reagents were also of analytical grade. The commer-
cially available metal acetates were dehydrated by refluxing with acetic anhy-
dride for about 2 h. DMF and thionyl choride were used after distillation. 
Test solutions 
1% solution of metal chlorosulphates in DMF were used for spotting on the 
chromatoplates. For spectrophotometric determination, 3.2% solution of Co 
chlorosulphates in DMF were used. 
Detection reagents 
Saturated potassium thiocyanate in a mixture of acetone and water (6:1) was 
used as detector to locate the spots of Ni, Co, Cu and Fe chlorosulphates; 
dithizone solution (0.5%) in benzene was used to detect Zn and Mn chlorosul-
phates on chromatoplates. 
Solvent systems 
The following solvent systems were used as eluents. i) Two-component sys-
tems: a) solvent systems containing no acids; I) ammonia-acetone or methanol 
(1:9, 1:1 and 9:1); 2) ethyl acetate-benzene (5:2 and 2:5); 3) DMSO-acetone 
(1:2 and 2:1); b) solvent systems containing acids: I) hydrochloric acid-acetone 
or methanol (1:9, 1:1 and 9:1); 2) hydrochloric acid-DMSO (1:2 and 2:1); ii) 
three component systems: a) acetic acid -alcohol (s) (methanol, ethanol, n-pro-
panol, n-butanol, n-pentanol or n-hexanol) -acetone (30:10:60); b) hydrochloric 
acid-alcohol (one from the above alcohols in each case)-acetone (30:10:60); c) 
acetic acid or hyrochloric acid or hydrobromic acid-n-butanol-EMK (30:10:60); 
d) formic acid-acetone-ether (1:1:1); e) hydrochloric acid-DMSO-acetone 
(1:1:1:, 2:1:1, 1:7:12, 1:10:9, 1:12:7, 1:15:5, 1:10:20, 1:20:19 and 2:19:19); f) 
hydrochloric acid-DMSO-n-butanol or propanol- (1:1:1,2:1:1,1:2:1 and 1:1:2); 
g) acetic acid-n-but OH-EMK (35:5:60, 45:5:50, 50:5:45, and 60:5:35); h) 
acetic acid-methanol-EMK (45:5:50 and 50:5:45); i) acetic acid-propanol-(2)-
acetone (20:20:60, 25:15:60, 15:35:50 and 50:5:45); j) acetic acid-n-propanol-
EMK (20:20:60, 25:15:60, 15:35:50, 20:35:45 and 25:35:40); k) acetic acid-
DMSO (50:5:45, 60:5:35, 60:10:30, 60:15:25 and 60:20:20). iii) five-compo-
nent systems: water-n-butanol-acetone-acetic acid-5% ammonium hydroxide 
(2:7:5:3:3,2:5:5:7:3,2:3:5:7:3). 
Stationary phases 
The following adsorbents were used as layer materials: silica gel, alumina, 
kieselguhr, cellulose, silica gel + cellulose (1:1,2:1, 1:2), alumina + silica gel 
(3:7, 1:4, 1:9). 
Apparatus 
A TLC apparatus (Toshniwal, India) was used for coating the layer materials 
on glass plates (20 x 3.0 cm) and glass jars (24 x 4.0 cm) were used to develop 
the plates. A home-made vacuum filtration assembly, common refluxing appa-
ratus and hot plate magnetic stirrer etc were also used. A Bosch and Lomb 
spectronic 20 spectrophotometer was used for the determination of cobalt 
chlorosulphate. 
Synthesis of metal chlorosulphates 
Anhydrous metal acetate (5 g) of Ni, Co, Zn, Mn, Fe or Cu was taken in a 
reaction vessel and an excess of chlorosulphuric acid was slowly added. When 
the reaction stopped, the contents were magnetically stirred for 12 h. The 
precipitate so obtained was vacuum filtered, washed several times with chloro-
sulphuric acid, dried to a constant weight and the resulting solid was kept under 
dry conditions. 
Thin layer chromatographic separation 
Silica gel, alumina, cellulose, kieselguhr, alumina + silica gel (1:4,1:9,3:7 w/w) 
or silica gel + cellulose (1:1, 2:1, 1:2 w/w) was mixed with double distilled 
water in 1:3 ratio and shaken for 5 min. The resulting slurry was coated 
immediately onto glass plate with the help of a TLC applicator to produce a 
layer of 0.25 mm thickness. The plates were dried at room temperature and 
activated in an electrically controlled oven at 110 ± 2°C for 1 h. After activation 
the plates were cooled to room temperature and kept in a closed chamber until 
use. 
Procedure 
20 Hi of metal chlorosulphate solution was spotted on the chromatoplate with 
the help of micropipette. The spot was developed in desired solvent system by 
ascending technique. The solvent ascent was fixed to 10 cm in each case. After 
the development was over, the plate was withdrawn from the glass jar and dried. 
The metal chlorosulphate was detected using appropriate detection reagent. 
Spectrophotometric determirmtion 
To the cobalt chlorosulphate in DMF solution containing 0.065 to 0.65 mg of 
cobalt, 0.1 ml of a mixture of saturated potassium thiocyanate in acetone and 
water (6:1) was added and the volume made up to 10 ml with DMF. After 
thorough mixing the solution was left for complete colour development for 
about 5-10 min. The absorbance spectra of this solution were measured against 
reagent blank over 400-700 nm. It gave a maximum absorbance peak at 620 nm 
(A.max). The colour produced with cobalt chlorosulphate was stable and propor-
tional to cobalt chlorosulphate concentration. The developed spectrophotome-
tric method was applied to determine the cobalt chlorosulphate after the 
chromatographic separation from other metal chlorosulphates. For this purpose 
different volumes (0.01-0.1 ml) of chlorosulphate solution containing 0.065 to 
0.65 mg cobalt were spotted on the chromatoplates. After the spots were 
completely dried 0.064 mg of Ni were spotted on the same spot on the 
chromatoplates and the plates were redried at room temperature. The dried 
plates were developed in acetic acid-ethyl alcohol-acetone (30:10:60) solvent 
system. A pilot plate was also run simultaneously to locate the position of cobalt 
chlorosulphate. After the development, the area covering the spot was scraped 
from the plate and the cobalt chlorosulphate was extracted with DMF. The 
adsorbent was separated from the solute and washed with DMF to ensure 
complete extraction of cobalt chlorosulphate. To the filtrate, 0.1 ml of reagent 
(mixture of saturated KSCN in acetone and water in 6:1 ratio) was added and 
the total volume in eacli case was maintained to 10 ml using DMF. The solution 
was left for complete colour development for about 5-10 min. The absorbance 
of developed colour was measured against the reagent blank at 620 nm using 1 
cm cells and a calibration curve was constructed. The cobalt chlorosulphate was 
spectrophotometrically determined after its separation from other metal chlo-
tosulphates using the following relationships: 
, „ , Xi - Xt 
100 - K, Relative error (K) = percentage recovery = Xt •X 100 
where Xi is the amount of Co obtained after extraction from the chromatoplate 
and Xt the amount of Co spotted on the chromatoplate. 
Results and discussion 
The results of this study have been summarised iti figures 1 -4 and tables 
I, II. The possible separations are given in table I and the separations 
achieved experimentally are given in table II. 
Solvent system with no acids 
In the solvent systems containing no acid, all the complexes are either 
strongly adsorbed on all the adsorbents (alumina, cellulose, or kiesel-
guhr) or produce tailed spots. The extent of tailing increases with the 
increase in concentration of ammonia in the mobile phase. The non-
acidic eluents bear no practical utility in the separation of metal chloro-
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Fig 2. RF values of Mn, Co and Ni metal chlorosulphates on mixed adsorbents 
(for explanations see legend to fig I). 
sulphates except for the ammonia-acetone (1:9) system which produces 
a ternary separation of Ni, Co, Mn (fig 1) on alumina layers. 
Acid containing solvent systems 
In contrast to non-acidic solvent systems, acid containing solvent 
systems provide better separation possibilities, causing differential 
migration of complexes. Carboxylic acid containing solvent systems 
are better than hydrochloric acid containing solvent systems. A-
mong the ketone containing solvent systems, acetone systems pro-
duce more compact spots compared to ethyl methyl ketone or isobu-
tyl methyl ketone systems. The development time for acetone 
systems is smaller (30 min) compared with other ketone systems (1 
h). Eluents containing methanol, ethanol or propanol produce rapid 
separation compared to butanol, pentanol or hexanol containing 
solvent systems. Conversely, the higher alcohol containing eluents 
Silica gel •( Cellulose (1 : 2) Silica ge l + Ce l lu lose ( 2-.1 ) 
Fig 1. RF values of Mn, Co and Ni metal chlorosulphates on different adsorbents. 
Solvent system showing separations of metal chlorosulphates in figures 1-3. Si, 
ammonia-methanol (1:9); S2, (1:1); S3, (9:1); S4, ammonia-acetone (1:9); S5, 
(1:1); S6, (9:1); S7, acetic acid propanol-(2)-acetone (20:20:60); Sg, (25:15:60); 
S9, (30:10:60); Sio, (15:35:50); Sn, (25:30:45); S12, (25:35:40); S13. acetic 
acid-n-butanol-IBMK (30:10:60); S14, HCl-n-butanol-EMK (30:10:60); Si.s, 
HCl-n-butanol-IBMK (30:10:60); S15, acetic acid-methanol-acetone (30:10:60); 
Si7, acetic acid-ethanol-acetone (30:10:60); Sig, acetic acid-n-propanol-acetone 
(30:10:60); Si9, acetic acid-n-butanol-acetone (30:10:60); S20, acetic acid-n-pen-
tanol -acetone (30:10:60); S21, acetic acid-n-hexanol-acetone (30:10:60); S22, 
HCI-methanol-acetone (30:10:60); S23, HCl-ethanol-acetone (30:10:60); S24. 
HCl-n-piopanol-acetone (30:10:60); S25,HCI-n-butanol-acetone (30:10:60); S26. 
HCl-n-pentanol-acetone (30:10:60); S27, HCl-n-pentanol-acetone (30:10:60); 
S28, HCl-DMSO-piq?anoK2) (1:1:1); S29, (2:1:1:); S30, (l.2;l); S31, 1:1.2). 
Symbols: • , RL - RT < 0.3) * A, (RL - RT > 0.3). 
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Table I. Theoretically possible ternary separations 
Mobile phase Stationary phase Separation of metal complex RL-RT Metal complexes from which phase 
separation is possible RL-RT 
Hydrochloric acid-acetone (1:9) 
Hydrochloric acid-ethanol-acetone 
(30:10:60) 
Acetic acid-n-butanol-acetone 
Acetic acid-methanol-acetone 
Acetic acid-n-butanol-acetone 
Acetic acid-n-propanol-acetone 
Acetic acid-n-methanol-acetone 
Hydrochloric acid-n-butanol 
isobutyl methyl ketone 
Acetic acid-n-pentanol-acetone 
Acetic acid-n-hexanol-acetone 
Cellulose 
Silica gel + cellulose (1:1) 
(1:2) 
Alumina + silica gel (1:9) 
(1:4) 
(3:7) 
(1:4) 
Ni (0.00-0.00) 
Ni (0.43-0.30) 
Ni (0.55-0.10) 
Ni (0.10-0.05) 
Ni (0.14-0.08) 
Ni (0.15-0.09) 
Ni (0.15-0.00) 
Ni (0.45-0.30) 
Co (0.29-0.00) 
Co (0.29-0.00) 
Co (0.74-0.69) - Cu (0.99-0.89) 
Co (0.8-0.60) - Mn (0.99-0.95) 
Cu (0.8-0.6) - Mn (0.99-0.90) 
Co (0.4-0.2)-Fe (0.7-0.61) 
Co (0.4-0.25) - Fe (0.8-0.60) 
Co (0.5-0.03) - Fe (0.75-0.68) 
Co (0.50-0.28) - Mn (0.95-0.90) 
Co (0.60-0.55) - Cu (0.95-0.90) 
Fe (0.8-0.65) - Mn (0.98-0.93) 
Fe (0.8-0.65) - Mn (0.98-0.93) 
*RT = Rf of leading front of the spot. *RT = Rf of trailing front of the spot. 
Table II. Separations achieved experimentally in various solvent systems and stationary phases. The components of mobile phase were in 30:10:60 ratio in all 
cases except HCl-acetone system where the components were in 1:9 ratio. 
Mobile phase Adsorbent Separation of chlorosulphates (RL-RT values) 
Acetic acid-methanol-acetone 
Acetic acid-n-propanol-acetone 
Hcl-acetone 
Acetic acid-n-pentanol-acetone 
Acetic acid-n-propanol-acetone 
HCl-n-pentanol-acetone 
HCl-acetone 
HCl-n-butanol-lBMK 
Acetic acid-n-butanol-acetone 
Acetic acid-n-pentanol-acetone 
Acetic acid-ethanol-acetone 
Acetic acid-n-butanol-acetone 
Acetic acid-methanol-acetone 
Acetic acid-n-butanol-acetone 
Acetic acid-n-pentanol-acetone 
Acetic acid-n-butanol - EMK 
HCl-n-pentanol-acetone 
Acetic acid-n-butanol - EMK 
Acetic acid-n-hexanol-acetone 
Acetic acid-n-hexanol-acetone 
Alumina 
Silica gel 
Cellulose 
Silica gel -H cellulose (1:1) 
(1:2) 
(2:1) 
Alumina -i- silica gel (3:7) 
Silica gel + cellulose (1:1) 
(1:2) 
(2:1) 
Alumina -i- silica gel (1:9) 
(1:4) 
Ni or Co (0.09-0.00) - Mn (1.00-0.70) 
Cu (0.03-0.00) - Mn or Fe (1.00-0.72) 
Ni (0.46-0.22) - Fe (0.92-0.72) 
Zn (0.06-0.00) - Mn (1.00-0.95) 
Ni (0.05-0.00) - Co or Zn (1.00-0.72) 
Ni or Mn (0.4-0.9) - Co (0.94-0.82) 
Ni (0.00-0.00) - Co (0.75-0.65) - Cu (0.99-0.96) 
Ni (0.32-0.16) - Co or Mn (0.95-0.65) 
Ni (0.14-0.00)-Fe (0.97-0.88) 
Ni (0.45-0.00) - Fe or Mn (0.90-0^0) 
Ni (0.12-0.00)-Fe (0.88-0.73) 
Cu (0.40-0.00) - Fe (0.92-0.65) 
Ni (0.21-0.07) - Cu (0.66-0.39) - Mn (0.92-0.88) 
Ni (0.12-0.0) - Co(0.53-0.20) - Mn(0.92-0.85) 
Ni (0.11-0.0) - Co (0.45-0.25) - Fe or Mn (0.95-0.75) 
Ni (0.22-0.00) - Mn(0.45-0.35) - Zn or Fe (0.99-0.75 
Ni (0.33-0.28) - Co (0.85-0.80) - Mn (0.98-0.95) 
Ni (0.38-0.0) - Cu (0.7-0.44) - Mn (0.92-0.85) 
Ni (0.10-0.00) - Co (0.53-0.30) - Fe(0.85-0.67) 
Ni (0.14-0.06) - Fe (0.78-0.35) - Mn (0.99-0.92) 
*RL = Rf of leading front of the spot. RT = Rf of trailing front of the spot 
produce more compact and clearer spots. The nature and the concentra-
tion of alcohol and acid in the solvent system strongly regulate the 
mobility of metal chlorosulphates. 
Silica gel is found to be a better adsorbent than alumina, cellulose or 
kieselguhr. Further, mixed adsorbents are better than single adsorbents 
for the differential migration of chlorosulphate complexes. Among the 
mixed adsorbents, alumina + silica gel (1:4) mixed bed and cellulose -i-
silica gel (1:1, 1:2) mixed beds are suitable for the separation of metal 
chlorosulphates. The 12-20% content of alumina was found optimum 
in the mixture of alumina and silica gel. Hydrobromic or hydrochloric 
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Fig 4. Spectrophotometric determination of cobalt chlorosulphate. 
acid containing systems deform the plates prepared from kieselguhr 
during development. 
The separation possibilites of chlorosulphates of transition metals are 
shown in figures 1-3. Mn can be easily separated from Ni or Co, on 
cellulose layers. Ni produces double spots in acetic acid-propanol 
(2)-acetone (20:20:60, 25:15:60,30:10:60) systems showing the pre-
sence of two different species (fig 1). Mixed adsorbents are also useful 
for mutual separation of Ni, Co and Mn in different solvent systems (fig 
1). Co produced tailed spots in these systems on silica gel + cellulose 
(1:2 or 1:1) mixed bed (fig 2), but Ni-Mn binary separation is always 
possible in these cases. Ni can be separated from Mn or Co very well 
on silica gel -F cellulose (1:1) mixed with hydrochloric acid-alcohol(s)-
acetone (30:10:60) or acetic acid-n-butanol-ethyi methyl ketone or 
isobutyl methyl ketone (30:10:60) sy.stems (fig 2). However, the ternary 
separation of Fe, Cu and Zn mixture is possible in acetic acid-n-butanol-iso-
butyl methyl ketone (30:10:60) system (fig 3). Some other interesting 
separations (Ni-Co-Mn, Zn-Cu-Fe) can be visualized with the data in 
figures 1-3. The cobalt and nickel, down to 4.064 and 4.052 |xg level, can 
be successfully deteced on the chromatoplates using the detection reagent, 
saturated KSCN in acetone and water (6:1). 
Spectroscopy 
The results of spectroscopic determination of cobalt chlorosulpahte are 
given in figure 4A,B using the opfimum conditions described in Mate-
247 
rials and methods. The calibration curve for cobalt chlorosulphate was 
constructed (fig 4). Reagent blank shows negligible absorbance at Xmuc (620 
ran). The absorbance gives a linear relationship in the concentration range 
0.13 to 0.650 mg of cobalt in the chlorosulphate solution. The maximum 
recovery of cobalt after the TLC separation from nickel is 91 %. 
Acknowledgments 
The authors are thankful to Prof Mohammad Ajmal, Chairman, Department of 
Applied Chemistry for providing research facilitites. The Council of Scientific 
and Industrial Research, New Delhi is thanked for financial support. 
References 
1 Zaidi SAA, Siddiqui ZA, Acta Chim Acad Sci Hung. 1977, 92, 57 
2 Zaidi SAA, Siddiqui ZA, J Inorg NucI Chem, 1967, 38, 1404 
3 Paul RC, Dhillon DS, Kanwar D, Pun SK, J Inorg Nucl Chem, 1977, 39, 
1011 
4 Zaidi SAA, Siddiqui ZA, Ansari NA, -4CM Chim Acad Sci Hung, 1977, 
93, 395 
5 Zaidi SAA, Siddiqui ZA, Ansari NA, Acta Chim Acad Sci Hung. 1978, 
97, 207 
6 Zaidi SAA, Siddiqui ZA, Ansari NA, Bull Soc Chim Fr. 1979, 
11-12,482 
7 SiddiquiZA.LutfullahN, Zaidi S A A, BMH Soc C/iimfr, 1980,5-6, 185 
8 Siddiqui ZA, Lutfullah N, Zaidi SAA, Siddiqui KS, Bull Soc Chim Fr, 
1980, 5-6, 228 
Armlusis (1995) 23, 247-249 
© Elsevier, Paris 
The slope ranking method for homoscedastic calibration lines 
P Vankeerberghen, J Smeyers-Verbeke, DL Massart 
ChemoAC, Pharmaceutical Institute, Vrije Universiteit Brussel, Laarbeeklaan 103, B-1090 Brussels, Belgium 
(Received 26 September 1994; revision received 6 June 1995; accepted 12 June 1995) 
Summary — The slope ranking method requires proper estimation of the probabilities for the detection of non-linearity of homoscedastic calibration lines. Here, 
further work is presented on the estimation of the type I error by means of the Monte Carlo technique. 
R^ume — M^thode de slope ranking pour la detection des courbes d'etalonnage homoscedastique. La methode de slope ranking exige une estimation 
rigoureuse des probabilites pour la detection non lineaire des courbes d'etalonnage homoscedastique. 
calibration / slope ranking method / detection of non-linearity / run suitability check 
Introduction 
An early warning system for routine analysis in graphite furnace atomic 
absorption spectrometry (GF-AAS) checks how well an already estabhshed 
method behaves and diagnoses the problems when the method does not 
fulfil the pre-established standards. This involves, among others, an inves-
tigation of the linearity of the first-order calibration line. 
The slope ranking method (SRM), as described in [ 1 ], is part of such 
a run suitability check and detects possible deviations from linearity or 
blank problems. The method is based on the rankings of the slopes 
between each data point and the origin. The calibration line is blank-
corrected and therefore the response at x = 0 is considered to be zero. 
Each slope is denoted as Soi where 0 represents the origin and index / 
the ith data point, not including the origin. For a straight line the slopes 
Soi are ranked randomly due to the random error of the measurements. 
On the other hand, when the calibration line curves to the concentra-
tion axis, the slopes rank: eg for five data points, not including the 
Table I. Set of permutations with a total P-value < 0.05. Crossovers are 
indicated in bold typeface. 
Permutation P-value 
Soi > So2 > So3 > S04 > So5 
So2 > Soi > So3 > So4 > So5 
Soi > So3> So2> S04 > So5 
Soi > So2 > S«4> S03 > So5 
S01>S02>S03>Sa5>S04 
1/5! 
1/5! 
1/5! 
1/5! 
1/5! 
15/5! = 0.042 
origin SOI > S02 > S03 > So4 > S05. An evaluation of the rankings forms 
the basis of the SRM test for linearity with Ho: the slopes So; are in 
random order and Hi: the slopes do rank. Significant ranking of the 
slopes is obtained if one of the rankings of table I is observed [I]. If it 
is assumed that they all have equal probability of occurrence (= 1/5!), 
for a straight line the combined probability that the slopes rank accor-
ding to one of these sequences is 5/5! = 0.042. Therefore, at a signifi-
cance level of a = 0.05, the occurrence of one of the rankings in table I 
leads to the rejection of Ho. If ranking occurs the preliminary diagnosis 
is that the calibration line curves to the concentration axis. 
However, the slopes So/ can also be in a ranking sequence when the 
calibration line does not curve but when a blank problem occurs. To 
exclude the possibility of a blank problem, the SRM 1 is applied. Here 
the slopes are computed from the first point, not including the origin and 
each other data point. When these slopes, denoted as Si,, are again in a 
ranking sequence, a curvature in the calibration line has been detected. 
When they are not, the conclusion is that the calibration line curves or 
may have a blank problem. Very often for such small data sets, it is 
impossible to make the distinction between a blank problem and curva-
ture without some expertise. 
Kalantar [2] argued that equal probabilities of the slopes' ranking as 
assumed in [1] only apply when the variances of the responses are 
proportional with the concentration. Since So, = — the error in the 
Xi 
slopes depends on the error of y,, e,: 
650, = ^ = ^ 
Xi Xi 
248 
With homoscedastic data the Ei are equal and consequently the 5S oi 
decrease with increasing x,. With a uniform distribution of the x; over 
the concentration range, which means that x is proportional to 1, 2, 3, 
4, 5, the relative slope errors for Soi to So5 are 5, 4, 3, 2, 1. For 
non-uniformly distributed xfs the relative slope errors depend on the 
relative spacing of the xi's. Therefore, with homoscedastic data, the 
probabilities of the slopes' ranking are not equal. Equal probabilities 
will only occur when all 5S oi are equal, ie when e; is proportional to 
xi and thus to yi. The latter condition for equal probabilities corre-
sponds to a constant proportional error (or coefficient of variation). 
Simulations carried out by Kalantar [2] confirmed these theoretical 
considerations. Here we want to further evaluate the probabilities of 
the different rankings taken into account in the SRM method. More 
specifically the influence of the variability of the blank will be conside-
red. 
Simulations 
To estimate the probabilities of the slope permutations, simulations 
were performed. Normally distributed noise was added to the responses 
of a perfectly linear calibration line. This noise is generated by transfor-
ming uniformly distributed pseudo-random numbers to normally distri-
buted values using the method of Box and MuUer [3] as given in [4]. 
The uniform pseudo-random numbers were generated with a Borland 
[5] library function based on a multiplicative congruential generator 
with a period of 2 . The experiments were performed according to the 
guidelines for the Monte Carlo technique as given by Meier and Ziind 
[6]: a different seed was used for each run and the number of function 
calls of the pseudo-random number generator was smaller than its 
period. 
For each calibration line, the slopes Soi were computed and their 
rankings were stored as five digit integers {eg Soi > So3 > S02 > S04 > 
So5 was stored as the integer 13245). Ten thousand calibration lines 
were generated in one run and each of the 120 possible rankings 
occurring for these lines were counted. The average counts with stand-
ard deviations were computed from a set of six runs. 
The effect of the variability of the blank is taken into account in the 
following way; a constant value, ie the theoretical blank, was added to 
the responses of a perfectly linear calibration line, including for x = 0. 
Consequently, normally distributed noise was added to the response for 
the blank and the calibration standards. The standard deviation of the 
noise generator, compared with the value for the true blank, is such that 
no simulated negative responses are obtained for the blank. 
To investigate the effect of the spacing of the standards on the 
probabilities of the slopes' rankings, two types of spacing have been 
used: namely equally spaced xt's andxi's spaced as 0/0.5/2/3/4/5. 
A 486 DX based PC was used and the simulation program was 
written in ANSI C using Boriand C-i~t- version 3.1. 
Table 11. The counts for the important permutations for SRM 0 with five 
slopes. The signals are simulated with a common coefficient of variation. The 
average counts with standard deviations (s) are given for six runs, each of 
10000 calibration lines. 
Permutation I 2 3 
No variability of the blank included. 
12345 104 
21345 90 
13245 94 
12435 71 
12354 105 
88 
85 
72 
93 
79 
93 
95 
82 
86 
81 
Variability of the blank included. 
12345 112 
21345 74 
13245 107 
12435 122 
12354 125 
111 
88 
101 
117 
106 
104 
69 
113 
128 
114 
4 
91 
81 
75 
85 
86 
116 
82 
107 
119 
124 
5 
92 
86 
71 
71 
85 
118 
91 
115 
124 
120 
6 
78 
64 
100 
80 
88 
111 
78 
113 
123 
109 
I 
Average 
91.0 
83.5 
82.3 
81.0 
87.3 
112.0 
80.3 
109.3 
122.2 
116.3 
540.1 
J 
8.4 
10.7 
12.1 
8.8 
9.3 
4.9 
8.4 
5.3 
3.9 
7.9 
Table III. The counts for the important permutations for SRM 0 with four v 
slopes. The variability of the blank has been taken into account and the signals • 
are simulated with a common coefficient of variation. 
Permutation 
1234 
2134 
1324 
1243 
; 
512 
406 
458 
520 
2 
481 
357 
470 
518 
3 
514 
332 
526 
517 
4 
517 
344 
478 
532 
5 
516 
345 
483 
518 
6 
542 
323 
483 
526 
Average s 
513.7 19.4 
351.2 29.3 
483.0 23.1 
521.8 5.9 
Probabilities of the SRM 1 for measurements 
with a constant coefficient of variation 
Table IV summarises the counts for the slopes' ranking when the 
variability of the blank has been taken into account. 
The results obtained are similar to those of SRM 0 with four slopes. 
Again, the probability of permutation 1234 slighdy rises above the 
usual a level of 5 %. The occurrence of permutation 1234 leads to the 
rejection of the null hypothesis with a P value of 5.6% (= 557.2/10000). 
Probabilities of the SRM 0 for measurements with a 
constant precision 
Probabilities of the SRM 0 for measurements 
with a constant coefficient of variation 
The probabilities for the different rankings of table I are obtained for 
responses that might have been blank corrected but in which the 
variability of the blank has not been taken into account. Therefore they 
apply either for a well known blank (which is unlikely) or for measure-
ments that are not affected by a blank. 
The effect of the variability of the blank is summarised in table II. It 
gives the counts for the different rankings obtained from the six runs 
each with 10000 calibration lines. The results confirm the equal prob-
abilities for the slopes' ranking if no variability of the blank is included 
(the average count for each of the permutations is close to the theoretical 
value of 10000 /5! = 83.3). When the variability of the blank is taken 
into account the results differ somewhat more. The different counts sum 
to 540.1. Consequently their probability of occurrence has increased 
from 4.2 to 5.4% (= 540.1/10000). As follows from table III, for SRM 
0 with four slopes (five data points including the blank) the probability 
of the permutation 1234 (which as explained in [1] is the only one 
considered since no rank cross-overs can be tolerated) increases from 
4.2% (= 1/4!) to 5.1% (= 513.7/10000). 
From our experience with atomic absorption calibration lines a constant 
precision of the measurements can generally be accepted in the linear 
part of the calibration line. In that sitaation, simulations performed by 
Kalantar revealed that for the slope rankings 12345, 21345, 13245, 
12435, 12354 the average probabilities of occurrence are 1.51%, 
0.58%, 1.03%, 1.35% and 1.81% which sum to 6.3%, as compared to 
4.2% when equal probabilities (=5/5 ! . 100) for the different rankings 
are assumed. Table V summarizes the counts for the ranking of the 
slopes when the variability of the blank is taken into account. Evidently, 
with five slopes this variability fiirther increases the probability of the 
various rankings, their combined probability reaching 10.5% (= 
Table IV. The counts for the most interesting permutations for SRM 1 with 
four slopes. Signals are simulated with a common coefficient of variance. 
Permutation 
1234 
2134 
1324 
1243 
/ 
552 
320 
479 
651 
2 
562 
338 
479 
584 
3 
522 
339 
499 
609 
4 
604 
315 
469 
584 
5 
568 
305 
523 
576 
6 
535 
323 
511 
596 
Average 
557.2 
323.3 
493.3 
600.0 
i 
28.6 
13.2 
21.1 
27.5 
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Summary 
The sorption behavior of transition metal chlorosulfates has been 
examined on unmodified, mixed, and impregnated sorbent layers. The 
analytical potential of water as an eluent in thin-layer chromato-
graphy of metal chlorosulfates has been explored. Copper chlorosul-
fate has been quantitatively estimated by titrimetry and atomic ab-
sorption spectrometry after its TLC separation from iron, cobalt, or 
manganese chlorosulfates with a mobile phase of pH % 7 {i.e. water) 
on layers prepared from a 2:1 mixture of silica gel and cellulose. The 
titrimetric method is applicable at higher concentrations of copper 
whereas AAS was useful for low concentrations. Validation par-
ameters such as the stabiUty of the color intensity of the metal 
chlorosulfate spots after development on the sorbent layers and the 
reproducibility of R^ values were assessed. A direct connection was 
observed between R^ values and the magnetic moments of the com-
plexes. 
1 Introduction 
Chromatography is a very useful method for the separation, 
identification, and quantification of the metal complexes 
that represent an important form of metals. Among chro-
matographic methods, thin-layer chromatography (TLC) 
has always been recognized as an efficient and rapid separa-
tion technique for identification and semiquantitative analy-
sis of inorganic species present in a variety of samples. The 
A. Mohammad, K.T. Nasim, J. Ahmad, and Mohamed P.A. Najar, Analyti-
cal Laboratory, Department of Applied Chemistry, Zakir Husain College of 
Engineering and Technology, Aligarh Muslim University, Aligarh - 202 202, 
India. 
combination of speed, sensitivity and simplicity with resolu-
tion which exceeds that of low pressure column chromato-
graphy and paper chromatography ensures continued in-
terest in the technique. Although the availability of high 
quality precoated HPTLC plates has further improved the 
sensitivity and accuracy of quantitative TLC, the search for 
impregnated and mixed sorbent layers is still continued for 
efficient and cost-effective routine analysis of organic and 
inorganic substances [1-4]. 
Detailed information about the TLC of metal complexes 
may be found in several reviews [5-11] and recent papers 
[12-18]. Schuster [19,20] has recently proposed the use of 
A',#'-dialkyl-A^'- benzoylthioureas as selective complexing 
agents for enrichment of platinum metals (Ru, Rh, Pd, Os, 
and Ir) from strongly interfering matrices. Celap has 
analyzed mixed amino carboxylato cobalt(III) complexes by 
salting out TLC [21,22]. Ray and Kauffman [23] have exam-
ined the combined effect of the surface tension and the 
equivalent conductance of the electrolyte developer on the 
mobility (or R^ value) of cationic complexes on silica layers. 
The various metal complexes that have received attention in 
TLC studies include chlorides, sulfates, nitrates, mixed lig-
and complexes, and metal xanthates, etc. This study has 
been performed with the chlorosulfate anion (SOsCl") as 
the ligand. Chlorosulfates of transition metals (M(S03C1)2, 
where M = Mn, Fe, Co, Ni, Cu, or Zn) and rare earths 
(M(S03C1)3, where M = Y, Sm, Ce, Nd, Eu, Gd, Th, Dy, 
or Yb) have been synthesized and reported without any 
study of their chromatographic analysis [24-27]. Because 
these compounds contain the coordinated SOsCl" entity 
they could be used as catalysts for a number of organic and 
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inorganic reactions, and as potential precursors in syntheses 
of novel compounds, including organometallic compounds. 
An important separation of cobalt from nickel, as their 
chlorosulfates, on silica layers, using formic acid as mobile 
phase, has recently been reported [28]. No systematic att-
empt has, however, been made to perform chromatographic 
analysis of transition metal chlorosulfates. This report 
assesses the applicability of one- dimensional TLC of tran-
sition metal chlorosulfates for their separation, identifica-
tion, and quantitative estimation. 
The purpose of this study was to develop a simple and 
reliable chromatographic system for rapid TLC analysis of 
transition metal chlorosulfates both on unmodified silica, 
silica - alumina, cellulose, or cellulose - alumina layers and 
on the same layers after modification by impregnation with 
1,4-dioxane, a reagent which has previously been used for 
separation and quantitative determination of copper. 
2 Experimental 
2.1 Reagents 
Ethanol was obtained from Bengal Chemicals and Phar-
maceuticals and silica gel from E. Merck (India). Alumina, 
acetone, cellulose, the acetates of manganese, iron, cobalt, 
nickel, copper, and zinc, and Af,7V-dimethylformamide and 
1,4-dioxane were from Central Drug House (India). The 
disodium salt of ethylenediaminetetraacetic acid was from 
Glaxo (India), methanol from Qualigens Fine Chemicals 
(India), and hydrochloric acid from BDH (India). 
2.2 Test Solutions 
Chromatography was performed on solutions of the 
chlorosulfates of Mn, Fe, Co, Ni, and Cu (3%) and Zn (1 %) 
in DMF. Quantitative determinations were performed with 
a 1 X 10 " ^  M solution of the disodium salt of ethylenediami-
netetraacetic acid (EDTA) and buffer solution comprising 
a mixture of 0.2 M acetic acid and 0.2 M sodium acetate (i.e. 
pH = 3.0-4.0), both prepared in double-distilled water. The 
PAN (l-(2-pyridylazo)-2-naphthol) indicator was prepared 
by dissolving 0.5 g in a 1:1 mixture of alcohol and water (50 
mL) . 
2.3 Detection Reagents 
Cu and Fe chlorosulfates were detected with an aqueous 
solution of potassium ferrocyanide (1%), Ni and Co 
chlorosulfates with alcoholic dimethylglyoxime (1 %), and 
Zn and Mn chlorosulfates with dithizone (0.5%). 
2.4 Stationary and iMobiie Piiases 
The stationary and mobile phases, and their combinations, 
used in this study are listed in Table 1. 
2.5 Synthesis of iMetai Clilorosulfates 
An excess of chlorosulfuric acid was slowly added to the 
anhydrous metal acetate ( « 5 g). When the reaction sub-
sided the contents were magnetically stirred for ca 12 h. The 
precipitated compound was vacuum-filtered, washed several 
times with chlorosulfuric acid, and finally dried in vacuo to 
constant weight and kept under dry conditions. 
M(CH3COO)2 + 2HSO3CI-» M(S03C1)2 + 2CH3COOH 
where M = Mn, Fe, Co, Ni, Cu, or Zn. 
2.6 Preparation of TLC Piates 
The desired stationary phase (20 g) was homogenized with 
60 mL double- distilled water by constant shaking for 5 min 
and the resulting slurry was coated immediately on to 20 x 
Table 1 
Chromatographic systems used for the separation of metal chlorosulfates. 
Stationary phase 
No. Composition 
Impregnation Mobile phase 
No. Composition 
SI 
S2 
S3 
S4 
S5 
S6 
S7 
S7 
S7 
S7 
S8 
S8 
S8 
S9 
Silica gel 
Silica gel + cellulose (1:1) 
Silica gel 
Silica gel + cellulose (2:1) 
Silica gel + cellulose (2:1) 
Silica gel + cellulose (1:1) 
Silica gel + alumina (1:1) 
Silica gel + alumina (1:1) 
Silica gel + alumina (1:1) 
Silica gel + alumina (1:1) 
Silica gel + cellulose (1:2) 
Silica gel + cellulose (1:2) 
Silica gel + cellulose (1:2) 
Silica gel + cellulose (1:3) 
1,4-dioxane 
1,4-dioxane + water (1:1) 
1,4-dioxane 
1,4-dioxane 
1,4-dioxane 
1,4-dioxane 
1,4-dioxane 
1,4-dioxane 
1,4-dioxane 
1,4-dioxane 
1,4-dioxane 
Ml 
Ml 
Ml 
Ml 
Ml 
M2 
M3 
M4 
M5 
M6 
M7 
M8 
M9 
M7 
Water 
Water 
Water 
Water 
Water 
Acetic acid - methanol - acetone, 3 + 1 + 6 
Acetic acid - ethanol - acetone, 3 + 1 + 6 
Acetic acid - propanol - acetone, 3 + 1 + 6 
Acetic acid - butanol - acetone, 3 + 1 + 6 
0.1 M HCl - methanol - acetone, 3 + 1 + 6 
6 M HCl - ethanol - acetone, 3 + 1 + 6 
6 M HCl ~ propanol - acetone, 3 + 1 + 6 
6 M HCl -- butanol - acetone, 3 + 1 + 6 
6 M HCl - ethanol - acetone, 3 + 1 + 6 
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3 cm glass plates by means of a TLC applicator (Toshniwal, 
India) to produce a 0.25 mm layer. The plates were dried at 
room temperature and activated by heating at 100 ± 2°C 
for 1 h in an electrically controlled oven. After activation, 
the plates were cooled to room temperature and stored in 
a closed chamber (30°C) before use. 
Impregnated plates were prepared by homogenizing the 
stationary phase with 1,4-dioxane instead of distilled water. 
Preparation of the impregnated plates was identical to that 
of the non-impregnated plates except that activation was 
performed at 80°C. 
2.7 Chromatography 
Chromatography was performed in 24 x 6 cm glass jars. 
The separation of the metal (Mn, Fe, Co, Cu, or Zn) 
chlorosulfates was achieved by observing the mobility of 
metal ions when developed with water at pH values between 
1 and 10, the pH being adjusted by addition of 0.1 M hyd-
rochloric acid or 0.1 M aqueous ammonia to the distilled 
water. Metal chlorosulfate solutions (10 /zL; either singly or 
as mixtures) were applied 15 mm from the lower edge of the 
plate by means of a lambda pipet and, when the spots had 
dried, the plate was developed by the ascending technique 
at room temperature (25 ± 2°C); the development distance 
was 100 mm from the point of sample application. After 
development the plates were dried at room temperature and 
the positions of the metal chlorosulfate spots on the plate 
were visualized immediately as brightly colored spots by 
spraying the plates with the appropriate detection reagents. 
The Rf value of each metal chlorosulfate was determined for 
each mobile phase and the optimum pH value for separation 
of the metal chlorosulfates was selected. 
The quantitative determination of copper chlorosulfate was 
performed by titrimetry and atomic absorption spectrome-
try. For titrimetry, chlorosulfate test solutions containing 
Mn, Fe and Co (0.03 mg of each) were applied to the TLC 
plate followed by coincident spotting with aliquots of cop-
per chlorosulfate solution containing 0.0345 to 0.345 mg of 
copper (ten samples). For atomic absorption spectrometry, 
five test samples containing 0.50 ppm of Mn, Fe, and Co 
mixed with copper chlorosulfate solution (7, 9, 11, 13, or 15 
ppm of coppsr) were applied to different plates. 
The spots were dried at room temperature and developed 
using distilled water. A reference plate loaded with test 
sample solutions was simultaneously run to locate the exact 
position of copper chlorosulfate after its detection with 
potassium ferrocyanide. The position of the copper 
chlorosulfate was marked on the working plate (undetected 
plate) and the area corresponding to copper chlorosulfate 
was scraped from the working plate into a clean glass 
beaker. 
For titrimetry the scraped portion of the adsorbent was 
mixed with distilled water (10 mL), one drop of PAN indica-
tor, and buffer solution (pH 3 ^ ; 1 mL). The mixture was 
then stirred well for 2 min and titrated directly with 1 x 
10"^ M EDTA solution. The end point was indicated by a 
color change from violet to golden yellow. The percentage 
recovery of copper was obtained from the calibration curve 
(plot of volume of EDTA consumed by copper during direct 
titration) and the recovery curve (plot of the volume of 
EDTA consumed by copper during titration of the portion 
of adsorbent scraped from the plate). 
For atomic adsorption spectrometry, copper chlorosulfate 
was eluted from the adsorbent of the working plate with 
HNO3 (2 M; 5 mL) and the eluate was diluted by addition 
of distilled water (10 mL) and digested to effect complete 
removal of HNO3. The white curdy precipitate was dissol-
ved in hydrochloric acid (1 M; 2 mL) and diluted to 10 mL 
with distilled water. The resultant solution was submitted 
for quantitative analysis and determination of the recovery 
of copper by AAS. 
The stability of copper chlorosulfate solutions was checked 
by preparing solutions at different concentrations and meas-
uring their absorbance (Bausch and Lomb Spectronic 20 
spectrophotometer; A„ax ~ 580 nm) at room temperature 
after time intervals of 5, 10, 20, 30 min and 1, 3, 5, and 7 
h. These sample solutions were then applied side by side on 
to the same TLC plate (two samples per plate). After de-
velopment and detection the Rf values were measured. Sim-
ilar studies were performed with Co (A^ ax = 620 nm), Ni 
(-^ max = 560 nm), Fe (A„ax = 490 nm), Zn, and Mn (color-
less) chlorosulfates. 
The stability of the color intensity of metal chlorosulfate 
spots on the chromatogram was observed visually. The 
developed chromatoplates were protected from light and the 
spot intensities were compared after intervals of 15, 30, 45, 
and 60 min and 12, 18, 24 and 36 h. 
The reproducibility of Rp values was checked by determin-
ing the /?p of the same sample by three independent analyses 
and by the same analyst on different days under identical 
experimental conditions, in the same laboratory, using the 
same apparatus. 
3 Results and Discussion 
Stability is an important and essential validation parameter 
in TLC analysis. Highly sensitive samples should not de-
compose during development of the chromatogram and 
should be stable in solution and on the adsorbent for ca 
15-30 min. The intensity of the spots on the chromatogram 
should be constant for at least 1 h. Since no such data are 
available for metal chlorosulfates, this study is of significant 
importance. 
In all cases steady absorbance readings indicated the stabil-
ity of solutions of copper chlorosulfate. Marginal varia-
tion (< 5%) was observed in the 7?F values of the me-
tal chlorosulfates chromatographed after storage periods 
up to 7 h. 
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No significant change in the intensities of spots was obser-
ved after storage of developed plates, protected from light, 
for periods up to 36 h. This observation finds support from 
results from spectrophotometric measurement of the color 
intensity of the metal chlorosulfates in solution. 
Another important parameter is the reproducibility, defined as 
the precision under different conditions such as different analy-
ses and different days. The variation in Rp values measured by 
three independent analyses and by the same analyst on different 
days did not differ by more than 0.15 {i.e. ± 15%) from the 
average Rf value, indicating a good reproducibihty. 
Figure 1 shows the dependence of R^ values on the pH of 
the mobile phase (in the caption Ri and Rj are, respectively, 
the Rf values of the leading and trailing edges of a spot). At 
lower pH values (i.e. pH 1-3) all the metal chlorosulfate 
spots are highly compact and show higher mobility (/?p 
0.65-0.9) than at higher pH values. Separations are possible 
in pH range 4-7 with best separation at a pH of ca 7. In 
alkaline media (pH 8-10) tailing spots were obtained for the 
chlorosulfates of Co, Cu, and Zn. Interestingly, a highly 
compact spot was obtained for manganese chlorosulfate, 
which migrated almost with the solvent front over the entire 
mobile phase pH range. A similar trend was observed for 
a 
100 r 
80 
60 
40 
20 
0 
pH 1 pH 
J L 
Mn Fe Co Cu Zn Mn Fe Co Cu Zn Mn Fe Co Cu Zn Mn Fe Co Cu Zn 
pH S pH 6 pH 7 pK 8 
Mn Fe Co Cu Zn Mn Fe Co Cu Zn Mn Fe Co Cu Zn Mn Fe Co Cu Zn 
1 i 
pH 9 pH 10 
J I 1 U 
Mn Fe Co Cu Zn Mn Fe Co Cu Zn 
Cation '-
Figure 1 
MobMity of metal chlorosulfates witti mobile ptiases of different pti: compact spot, R^- R, < 0.3; tailing spot R^- Rj > 0.30. 
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cobalt chlorosulfate, for which the R^ was almost constant 
(0.90-0.75) in the pH range 1-8; tailing spots were obtained 
at higher pH. The Rp values of the chlorosulfates of Fe(II), 
C«(ll), and Zn(II) decreased with increasing pH and gave 
taiUng spots at pH > 7. 
Table 2 summarizes some of the chromatographic systems 
which can be used for multicomponent separations of metal 
chlorosulfates. An interesting feature of this study is that all 
the metal chlorosulfates produced single spots on TLC pla-
tes; this makes their separation easier and reliable. With all 
the aqueous systems the chlorosulfate of Fe(II) remained 
practically at the point of application {Rj, < 0.2). 
Table 3 illustrates the chromatographic characteristics of the 
mixed silica gel - cellulose layer. Mn and Co can be 
separated from Zn on a cellulose layer by using water as the 
mobile phase. Unfortunately Fe and Cu produce tailing 
spots on cellulose, which impairs their separation from Zn. 
On silica gel the tailing of Fe and Cu is reduced and the 
separation of Mn from Co and that of Fe from Cu or Zn 
was always possible. On silica gel, however, the development 
time (24 min) was ca three times greater than on cellulose 
(7 min). The separation possibilities were further increased 
by use of mixed silica gel - cellulose (2:1) layers, on which 
it was possible to resolve a four- component mixture of Mn, 
Table 2 
Selective separations of metal chlorosulfates. 
Chromatographic 
system 
S1,S2, S3, S4, S 5 -
S 6 - M 1 , M2, M3, 
S 6 - M 6 
S 7 - M 2 
S 7 - M 3 
S 7 - M 4 
S 7 - M 5 
S 7 - M 6 
S8 - M7, M8, M9 
S 9 - M 7 
- M l 
M4, M5 
Metal chlorosulfates 
separated 
Fe(II) 
Ni(II), Co(II) 
Ni(II), Co(II), Fe(II) 
Ni(II), Co(II), Cu(II), Zn(II) 
Ni(II), Co(II), Zn(II) 
Ni(II), Co(II), Zn(II) 
Ni(II), Co(II), Zn(II) 
Ni(II), Fe(II) 
Ni(II) 
Ni(II) 
Chlorosulfates from 
which separated 
Ni(II), Co(II), Cu(II), Zn(II), Mn(II) 
Fe(II), Cu(II), Zn(II), Mn(II) 
Zn(II), Cu(II), Mn(II) 
Fe(II) 
Fe(II) 
Fe(II) 
Fe(II), Cu(II) 
Cu(II) 
Fe(II), Cu(II), Zn(II) 
Fe(II), Zn(II) 
Silica gel - cellulose layers impregnated with 1,4-dioxane 
gave better spot compactness and resolution than did 
impregnated silica gel - alumina layers. Among the 
mixed adsorbents, layers prepared from silica gel + cell-
ulose (2:1) were most suitable for rapid separations of 
transition metal chlorosulfates - the development times 
for these layers with both aqueous and organic mobile 
phases was less than for other sorbent layers. The best 
separation of Mn, Fe, Co, Cu, and Zn was obtained on 
this mixture of adsorbents with double-distilled water 
(pH 6.48) as mobile phase. 
For a given mobile phase the absolute R^ values on mixed 
silica gel - cellulose layers diifered from those obtained on 
a pure silica gel or cellulose layers. This happens because of 
dilution of silica gel, an active adsorbent, with the essentially 
milder, inert adsorbent cellulose. Mixed silica gel - cellulose 
layers have been preferred by several workers [29-32] for 
TLC analysis of organic and inorganic substances. Mixed 
silica - sodium carboxymethylcellulose layers [33] have 
proved useful for trace analysis of Co, Ni, Fe, and Cu 
present in electroplating waste water. 
Table 3 
Average (n = 5) Ap values obtained on cellulose, silica gel and 
silica gel -cellulose (2:1, wlW^ layers using HjO as mobile pfiase. 
Adsorbent 
Cellulose 
Silica gel 
Silica gel -
cellulose 
Development 
time [min] 
7 
24 
15 
Mn 
89 
80 
86 
hR^ values of metal chlorosulfates 
Fe 
SOT" 
0 
0 
Co 
90 
68 
76 
Cu Zn 
30T 26 
16 13 
49 46 
" tailing spot («^ ' Rj > 0.30) 
Co, Fe, and Cu or Zn with a simple and nontoxic mobile phase, 
i.e. water. Fe and Cu give compact spots in this system and the 
development time is about 15 min for 10 cm ran. 
The Rp values of metal chlorosulfates follow the order: 
Cellulose: Zn < Cu < Fe < Mn = Co 
Silica gel: Fe < Zn < Cu < Co < Mn 
Cellulose - silica gel : Fe < Zn < Cu < Co < Mn 
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From this sequence of Rp values it may be assumed that 
silica gel plays the dominant role in controlling the mobility 
of metal chlorosulfates on mixed layers. It can be further 
stressed that on silica or mixed layers the electronic con-
figuration of the 3d orbitals of the complexed transition 
metals is reflected in the mobility of metal chlorosulfates i.e. 
the Rp value decreases as the number of d electrons increases 
in the order: 
Mn(II) (d') > Co(II) (d") > Cu(II) (d«) > Zn(II) (d^"). 
(The metals are arranged in the order of decreasing ^p 
value.) 
Fe(II) (d*) deviates from this rule as it remained at the point 
of application {Rp = 0) or gave a tailing spot, owing to 
hydrolysis. The order of Rp values also follows the Irving-
Williams stability sequence (invariant of ligand) of di-
positive metal ions [34] i.e. Mn < Co < Cu. It seems that 
Mn chlorosulfate, which is more mobile, is less stable than 
Co or Cu chlorosulfates. According to the literature [35] the 
paramagnetic moments of octahedral Mn, Co, and Cu 
chlorosulfates are in the order: Mn (5.93 BM) > Co (5.11 
BM) > Cu (1.84 BM). For Zn the Bohr Magneton (BM) is 
zero because there is no unpaired electron (d^° configura-
tion). 
There is, therefore, a direct correlation between the mobility 
(or Rp value) and the magnetic moment of octahedral metal 
chlorosulfates (Figure 2). 
2 3 4 5 
Magnet ic moment 
Figure 2 
Plot showing the correlation of mobility with the paramagnetic moments 
of the metal bis-chlorosulfates. 
The calibration and recovery curves for the titrimetric deter-
mination of copper chlorosulfate after its TLC separation 
from Mn, Co, and Fe chlorosulfates are shown in Figure 4. 
0.0 
60 120 160 240 300 360 
mg of Cu •-
1.5 
1.2 
0.9 
0.6 
0.3 
0 0 
-
-
-
Recovery curve 
y* 1 
1 1 1 , 
® 
/ • 
1 1 1 
60 120 180 240 300 360 
mg of Cu •• 
Figure 3 
Calibration A and recovery curves B for titrimetric determination of copper 
chlorosulfate. 
The percentage recovery of the method is 91.6%, which is 
suitable for the quantitative determination of copper as its 
chlorosulfate. The results of quantitative determination of 
Cu by AAS are shown in Table 4. The recovery of copper 
was 95.5% within the limits of experimental error. 
From these data it is clear that this TLC method can be 
successfully used for microanalytical and preparative studies 
of copper present in environmental samples. 
Acknowledgments 
The authors are thankful to Professor K.M. Shamsuddin, Chairman, 
Department of Applied Chemistry for providing research facilities. 
The Council of Scientific and Industrial Research, New Delhi, is 
thanked for financial assistance. 
1 3 4 VOL. 9, MARCH/APRIL 1996 Journal of Planar Chromatography 
TLC of Transition Metal Chlorosulfates on Impregnated Plates 
Table 4 
Quantitative determination of copper by atomic absorption spectrophotometry." 
Amount of copper 
spotted [ppm] 
7.0 
9.0 
Il.O 
13.0 
15.0 
Amount of copper 
recovered 
6.7 
8.6 
10.5 
12.3 
14.4 
[ppm] 
Recovery 
[%] 
95.1 
95.6 
95.5 
94.5 
97.5 
Percentage 
error 
-4.86 
-4.44 
-4.45 
-5.54 
-3.80 
Standard 
deviation 
0.325 
0.283 
0.141 
0.389 
0.149 
' average (« = 3) 
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Quantitative Thin Layer Chromatographic Determination 
of Benzylideneacetone in Fragrance Products 
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1 Introduction 
Benzylideneacetone (4-phenyl-3-butene-2-one, BA) is a syn-
thetic fragrance compound that is also an irritant and con-
tact sensitizer. Because of possible adverse effects from con-
sumer use of products containing BA, methods for its deter-
mination in fragrance products are important [1]. The prin-
cipal current method of analysis involves fluorimetric deter-
mination by HPLC with post-column derivatization [1]. 
Methods were developed earlier in our laboratory for the 
quantitative TLC determination of cinnamyl anthranilate 
[2] and cinnamyl alcohol [3] in perfume, cologne, and toilet 
water, and this approach has been extended to develop the 
first quantitative TLC method for the determination of BA, 
which is described in this paper. The method utilizes TLC 
separation of BA on a preadsorbent Cig bonded silica gel 
layer containing fluorescent indicator followed by UV scan-
ning densitometry of fluorescence-quenched zones; it is fas-
ter and less complex and has sensitivity, precision, and 
accuracy comparable with those of the HPLC method. The 
identification of the BA zone in the samples was confirmed 
by in situ scanning of the UV spectrum. 
2 Experimental 
BA was obtained from Aldrich (Milwaukee, WI, USA). A 
10.0 mg mL~' stock standard solution was prepared in 
dichloromethane, and a TLC standard solution (100 ng 
fiL~^) was prepared by 1:100 dilution of the stock solution 
with dichloromethane. 
Test solutions were prepared by adding 0.500 mL of the 
fragrance sample to 0.500 mL of dichloromethane and dilut-
ing to 10.0 mL with dichloromethane in a vial. Analyses 
S.M. Anderton and J. Sherma, Department of Chemistry, Lafayette College, 
Easton, PA 18042-1782, USA. 
were performed by spotting 4.00,6.00, 8.00, 10.00, and 12.00 
fiL sample aliquots and 1.00, 2.00, 4.00, 6.00, and 8.00 //L 
of the TLC standard (containing 100-800 ng of BA) on the 
TLC plate. 
Spiked samples for determining recovery were prepared by 
diluting 0.100 mL of stock standard solution and 0.500 mL 
of fragrance to 10.0 mL in a vial. An unspiked blank was 
prepared by diluting 0.500 mL of fragrance to 10.0 mL with 
dichloromethane. Analyses were performed by spotting du-
plicate 4.00 fiL aliquots of the spiked and unspiked solutions 
and 1.00-8.00 fiL of TLC standard. 
TLC was performed on 20 x 20 cm Whatman (Clifton, NJ, 
USA) LKC- 18F reversed phase bonded siHca gel layers 
containing a preadsorbent spotting strip and a UV-254 nm 
fluorescent phosphor, as described earlier [2,3]. Plates were 
prewashed by development with dichloromethane - metha-
nol (1:1) prior to application of sample and bracketing 
standard aliquots with a 10 /^ L Drummond (Broomall, PA, 
USA) digital dispenser. BA was separated by development 
with methanol - water (7 + 3) to a distance of 15 cm beyond 
the bottom edge of the plate; this required ca 60 min. The 
fluorescence quenching of BA was measured by scanning the 
zones in the direction of development with a Shimadzu 
CS-930 densitometer in the single beam reflectance mode at 
285 nm. This was found to be the wavelength of maximum 
absorption by scanning the in situ UV spectrum of a BA 
standard zone from 200-370 nm using the spectral mode of 
the densitometer. 
The amount of BA in the unknown sample aliquot having 
a scan area matching most closely the area of the middle 
(400 ng) standard was interpolated from the calibration 
curve calculated by linear regression of the peak areas and 
weights of the five standards. 
The recovery of BA from two spiked samples was calculated 
by the following two different methods. In Method 1, the 
difference between the weight of BA in duplicate spiked and 
unspiked samples, determined by interpolation from the 
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Summary 
The thin layer chromatographic behavior of some rare-earth ben-
zoates on single, mixed, and impregnated adsorbent layers is 
described. A possible application of TLC for the separation of rare-
earth (RE) benzoates of La, Ce, Nd, Sm, Eu, Dy, and Yb is exam-
ined for the first time using 125 solvent systems. All the benzoates 
are strongly adsorbed and show no mobility when chro-
matographed on alumina and developed with either pure single 
solvents or with two-component nonacidic solvent systems. On cel-
lulose layers, however, all the benzoates move with the solvent 
front, giving tailed spots irrespective of the nature of solvent sys-
tems used. A notable variation in the mobility of the lanthanide 
benzoates is observed on silica gel and on mixed adsorbent layers 
(i.e. silica gel + alumina or alumina + cellulose) developed with 
some organic and nonacidic solvent systems. Some mutual separa-
tions of these benzoates and the selective separation of La were 
realized with selected solvent systems. Use of amine-impregnated 
silica layers afforded differential migration of RE benzoates. Large 
concentrations of amine in the stationary phase caused spot tail-
ing. Increases and decreases of Rf values with increasing atomic 
number were both observed for RE benzoates. The best separation 
conditions were obtained with nonimpregnated silica gel + alumi-
na (9:1) as stationary phase and 0.5 M aqueous ammonia as mobile 
phase. 
1 Introduction 
Thin layer chromatography is a popular technique for 
analysis of a wide variety of organic and inorganic sub-
A. Mohammad*, K.T. Nasim and M. Najar P.A., Analytical Research 
Laboratory, Department of Applied Chemistry, Zakir Hussain College of 
Engineering and Technology, Aligarh Muslim University, Aligarh, India - 202 
002. 
Stances, because of its distinct advantages such as minimal 
sample clean-up, wide choice of mobile phases, flexibility in 
sample detection, high sample loading capacity, and low 
cost. The increasing utilization of rare-earths (RE) and 
interest in their geological and environmental roles [1,2] has 
led to the need to apply chromatographic methods for qual-
itative and quantitative determination of the rare-earth ele-
ments (RE). The suitability of TLC procedures for the 
analysis of the RE has been demonstrated by several work-
ers [3-15] using a variety of stationary and mobile phases 
and methods of detection. Excellent separations of RE have 
been achieved on silanized silica gel [7-11,16,17]. Ishida et 
al. [18] developed a simple TLC method for separation of 
REs on silica gel layers using aqueous ammonium nitrate 
solutions as eluents. An ion-exchange mechanism was pro-
posed to account for the decrease in RE i?F values with 
increasing atomic number. This retention order was similar 
to that achieved by reversed phase TLC using bis(2-ethyl-
hexyl)phosphate (HDEHP) - HNO3 or HDEHP - HCl on 
silica gel [19-22] but opposite to that obtained by normal 
phase TLC on silica gel with HDEHP in CCI4 [23] or that 
obtained on silanized silica gel developed with organophos-
phorus compounds in HNO3 [7,16,17]. Separation of REs 
has also been achieved on adsorbent layers impregnated 
with high-molecular-weight amines [24] or organophospho-
rus compounds [25] which are capable or reacting reversibly 
with REs. Alternatively, separations have been realized by 
incorporating these complexing agents in the mobile phase. 
Mobile phases consisting of aqueous mineral acids, mix-
tures of polar organic solvents and mineral acids, or mix-
tures of mineral acids and ammonium salts have been used 
for the separation of REs on cellulose layers [26-28]. 
Techniques used more recently for rapid qualitative and 
quantitative analysis of REs include centrifugal partition 
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chromatography [29], circular TLC [30], TLC-ICP-AAS for 
preconcentration and subsequent determination of REs in 
geological samples [31], TLC of RE - a- hydroxyisobutyrato 
complexes on Cjg-bonded silica [32], and HPTLC of RE 
tetraphenyl porphine complexes on Cjg and NHj plates [33]. 
None of these studies, however, provides any information 
about the TLC behavior of rare-earth benzoates. 
The properties of metal ions are determined by their size 
and charge; because the rare-earths are all similar in size 
and charge their chemical properties are identical, and thus 
their mutual separation is difficult. Examination of the 
chromatographic behavior of RE benzoates is also of inter-
est to enabling understanding of the ionic bonding proper-
ties of the M'"^  rare-earth cation (ionic size 8.5-10.6 nm). 
This communication reports the mobility of RE benzoates 
on different adsorbent layers, and the selective separation 
of lanthanum from other REs. 
2 Experimental 
2.1 Chemicals and Reagents 
Ethanol (Bengal Chemicals and Pharmaceuticals), silica 
gel, oxalic acid, acetone, thionyl chloride, sodium benzoate 
(E. Merck, India); ammonium chloride, ammonium nitrate, 
silica gel, cellulose, sodium benzoate, ethyl methyl ketone 
(EMK), isobutyl methyl ketone (IBMK), dimethylsulfoxide 
(DMSO), propanol, benzene, oxides of lanthanum, cerium, 
neodymium, gadolinium, samarium, europium, ytterbium, 
and terbium (Central Drug House, India); «-hexane, cyclo-
hexane, acetic acid, formic acid, and ammonia (Qualigens 
Fine Chemicals, India); butanol (Sarabhai M. Chemicals) 
and other reagents were analytical grade and were used as 
received. 
2.2 Preparation of Rare-Earth Benzoates 
The RE metal oxide (La, Ce, Nd, Sm, Eu, Dy, or Yb; ca 
2 g) was mixed with water (5 mL) to make a paste which was 
then dissolved in hydrochloric acid (6.0 M; 6 mL). The solu-
tion was neutralized to incipient precipitation with ammo-
nium hydroxide (1 M) and then adjusted to pH 2.0 with 
hydrochloric acid (1 M). The solution was diluted to 200 mL, 
warmed to near boiling, and then treated with sodium ben-
zoate (1 M; 40 mL) for 1 h. The mbrture was digested for ca 
4 h and then cooled, filtered, washed (to remove chloride 
ions), and dried under vacuum. The product was dehydrat-
ed at 85°C. 
Solutions (1%) of the benzoates in dilute nitric acid were 
used for chromatography. 
2.3 Chromatography 
An homogeneous slurry of the stationary phase (20 g) and 
double-distilled water (60 mL) was prepared by constant 
shaking for 5 min. The slurry was coated immediately on to 
20 X 3 cm^ plates, as a 0.25 mm layer, by means of a 
Toshniwal (India) TLC applicator. Plates were dried at 
room temperature and activated at 100 ± 2°C for 1 h in an 
electrically controlled oven. After activation the plates were 
cooled to room temperature and stored in a closed chamber 
at room temperature before use. No addition of binder was 
used in the preparation of the plates. 
For impregnated plates the slurry was prepared by thorough 
shaking with an alcoholic solution of aniline (1-10%) or 1% 
aqueous solutions of ammonium nitrate or oxalic acid for 
5 min. Coating of the plates was performed as for nonim-
pregnated plates except that amine- impregnated plates 
were dried in air at room temperature (30°C) and used with-
out activation and plates impregnated with aqueous salt 
solutions were activated at 100 ± 2°C for 1 h. 
Chromatography was performed in 24 X 6 X 6 cm^ glass 
jars. RE benzoate sample spots (10 (JLL) were applied to the 
plate on a line marked ca 15 cm from one edge, using lamb-
da pipets, and left to dry in air. Ascending development was 
performed to a distance of 100 mm from the point of appli-
cation. After development the plates were dried at room 
temperature (30°C) and the positions of the REs were 
revealed as clearly observable spots by spraying with a 1% 
methanol solution of 8-hydroxyquinoline (oxine) or by 
spraying with a dilute aqueous solution of arsenazo(III) 
then gentle heating. For separation of the RE benzoates, 
samples (1%; 10 JJLL) of the benzoates were mbced and 
applied to the plates. 
3 Results and Discussion 
After use of the arsenazo(III) detection reagent the RE 
benzoates were observed as green spots on a pink back-
ground; detection with 8-hydroxyqumoline resulted m light 
yellow spots. Although the use of arsenazo(III) results in 
more intensely colored spots, 8-hydroxyquinohne might be 
preferred because it is less expensive. 
Preliminary experiments showed that the RE benzoates 
were transported from the origin by organic and aqueous 
eluents such as ethanol, methanol, propanol, benzene, 
cyclohexane, n-hexane, isobutyl methyl ketone (IBMK), 
aqueous ammonia, copper acetate, etc. The R^ of lan-
thanum benzoate was between 0.1 and 0.9 in the different 
chromatographic systems whereas the mobility of the other 
RE benzoates showed little variation. 
Of 125 mobile phase - stationary phase combinations mves-
tigated, the few found useful for the separation of RE ben-
zoates are listed in Table 1, which also shows the REs sepa-
rated. It is apparent from the table that La can be selective-
ly separated from the other REs and that Dy and Nd were 
clearly separated from Ce and Eu. 
Use of aqueous ammonia as mobile phase can give good 
separations of La and Ce benzoates. 5% aqueous ammonia 
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Chromatographic systems showing possible separations of rare^arth benzoates on nonlmpregnated plates. 
Mobile phase 
5% aqueous ammonia 
IBMK 
1,4-Dioxane 
IBMK - benzene, 1 + 1 
IBMK - benzene, 1 + 2 
IBMK - methanol, 1 + 1 
IBMK - butanol, 1 + 1 
Benzene - propanol, 1 + 1 
Benzene - cyclohexane -
methanol, 1 + 2 + 1 
0.5 M aqueous ammonia 
0.3 M aqueous ammonia 
0.7 M aqueous ammonia 
Acetic acid - propanol -
cyclohexane 1 + 3 + 6 
Stationary 
phase 
Cellulose 
Cellulose 
Cellulose 
Silica gel -
cellulose, 9:1 
Silica gel -
cellulose, 9:1 
Silica gel -
cellulose, 9:1 
Silica gel -
cellulose, 9:1 
Silica gel -
cellulose, 1:1 
Silica gel -
cellulose, 2:1 
Silica gel -
alumina, 9:1 
Silica gel -
alumina, 9:1 
Silica gel -
alumina, 9:1 
Silica gel -
alumina, 1:1 
Possible separations, 
with (i?F-^ T) values'* 
La (0-0.0) from Ce, Eu, Gd, Yb (0.90-0.70) 
La (0.3-0.1) from Sm, Ce (0.80-0.50) 
La (0.3-0.0) from Sm, Yb (0.60-0.50) 
La (0.2-0.0) from Ce, Nd, Sm, Dy (0.90-0.75) 
La (0.4-0.2) from Ce, Nd, Eu (0.80-0.60) 
La (0.4-0.3) from Ce, Dy, Yb (0.70-0.50) 
La (0.51-0.40) from Nd, Dy (0.70-0.50) 
La (0.55-0.45) from Ce, Eu, Dy (0.70-0.50) 
Dy (0.52-0.41) from Ce, Eu, Yb (0.90-0.70) 
La (0.35-0.20) from Ce, Nd (0.70-0.50) 
La (0.4-0.30) from Ce, Nd, Yb (0.80-0.60) 
La (0.28-0.16) from Ce, Nd (0.40-0.30) 
La (0.32-0.19) from Sm, Gd, Dy (0.58-0.49) 
"'i?L = ^F oi leading edge of spot; Rj = Rf of trailing edge of spot. 
gave a highly compact spot for La (Rf = 0) on cellulose; this 
system can be used to separate La from Ce, Eu, Gd, or Yb 
(/?p = 0.30). The mobility of La on silica gel mixed with alu-
mina decreased as the concentration of ammonia was 
increased. Interesting behavior was observed for lanthanum 
chromatographed on silica - alumina (9:1) layers developed 
with mobile phases containing alcohols of different carbon 
Table 2 
chain lengths - the mobility increased with increasing alco-
hol carbon number. 
The mobilities of the REs on impregnated plates developed 
with mixtures of aqueous salt solutions and organic solvents 
are listed in Table 2. All the benzoates have lower mobility 
(7?p = 0.30) on impregnated alumina layers, whereas higher 
Chromatographic systems and hRf values for rare-earth benzoates on Impregnated plates. 
Mobile phase Stationary 
phase 
Impregnant hRj: values"* 
La Ce Nd Sm Eu Gd Dy Yb 
Water Alumina 
5% aq. NH4NO3 Alumina 
Methanol - benzene, 9 + 1 Alumina 
Propanol - Alumina 
cyclohexane, 1 + 4 
1% aq. NaNOj Silica gel 
3% aq. NaNOj Silica gel 
5% aq. NaNOj Silica gel 
5% aq. NaNOj Silica gel 
5% aq. KI Silica gel 
5% aq. KBr Silica gel 
5% aq. KCl Silica gel 
5% aq. KHSO4 Silica gel 
1% aq. 
1% aq. 
1% aq. 
acid 
1% aq. 
acid 
1% aq. 
1% aq. 
1% aq. 
10% aq 
10% aq 
10% aq. 
10% aq. 
10% aq 
NH4NO3 
NH4NO3 
Oxalic 
Oxalic 
Aniline 
Aniline 
Aniline 
Aniline 
Aniline 
. Aniline 
. Aniline 
Aniline 
16 
0 
5 
16 
0 
6 
16 
10 
5 
16 
0 
8 
17 
12 
6 
ND 
0 
5 
17 
14 
5 
17 
12 
5 
11 22 24 23 25 ND 25 18 
10 
13 
10 
23T 
70T 
45 
40 
90 
35 
18 
23T 
20T 
75T 
55 
68T 
90 
13 
8 
9 
lOT 
SOT 
48 
38 
95 
15 
17 
15 
20T 
90T 
95T 
38 
90 
45T 
13 
28T 
20T 
75T 
53 
60T 
95 
ND 
23 
17T 
15T 
40T 
47 
90T 
95 
15 
15 
13 
33T 
55T 
50 
37 
95 
13 
13 
20T 
30T 
75T 
72T 
37 
95 
%Rf = 100 X Rj,; ND = not detected; T = tailing spot. 
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i?F values (except for La) were obtained on silica gel 
impregnated with aniline. Reducing the concentration of 
sodium nitrate in the mobile phase results in reduced tailing 
of the spots on aniline-impregnated silica layers. The com-
pactness of RE spots on silica gel impregnated with aniline 
depends on the nature of the inorganic ion in the mobile 
phase. The most compact spots were realized with bisulfate-
containing mobile phases. In these systems all RE ben-
zoates migrate with the solvent front. Conversely, iodide-
containing mobile phases gave badly tailed spots. Mobile 
phases containing bromide or chloride gave fairly good 
results. 
The separation sequence in TLC is influenced by a variety 
of factors including the mode of separation (normal or 
reversed phase; cation or anion exchange) and the compo-
sition of the stationary and mobile phases. The data sum-
marized in Tables 3 and 4 mdicate that lanthanide R^ values 
can either increase or decrease with increasing atomic num-
Table 3 
Systems In which /iRp values of rare-earth benzoates increase with Increasing atomic number. 
Mobile phase Stationary phase Metal ions (in order 
of incr. atomic no.) 
Respective 
hRp values 
Benzene - methanol, 1 + 2 
Benzene - methanol, 2 + 1 
Propanol -
cyclohexane, 1 + 2 
Propanol -
cyclohexane, 2 + 1 
1 M NH4Ci 
1,4-Dioxane -
propanol, 2 + 1 
1,4-Dioxane -
methanol, 2 + 1 
Benzene -
propanol, 1 + 1 
Benzene -
propanol, 2 + 1 
IBMK - methanol, 1 + 1 
Silica gel -
alumina, 9:1 
Silica gel -
alumina, 9:1 
Alumina -
cellulose, 1:1 
Alumina -
cellulose, 1:1 
Silica gel -
cellulose, 9:1 
Silica gel -
cellulose, 9:1 
Silica gel -
cellulose, 9:1 
Silica gel -
cellulose, 1:1 
Silica gel -
cellulose, 2:1 
Silica gel -
cellulose, 7:3 
Nd, Eu, Gd, Dy 
La, Nd, Eu, Yb 
La, Eu, Gd, Dy 
La, Eu, Gd, Dy 
La, Sm, Eu, Gd 
La, Nd, Sm, Eu, Gd 
La, Nd, Sm, Eu, Gd 
La, Nd, Eu, Dy 
Ce, Sm, Eu, Gd, Dy 
La, Eu, Gd, Dy 
48, 52, 63, 84 
35, 43, 60, 63 
17, 20, 33, 38 
13, 25, 39, 43 
59, 70, 77, 83 
63,64,73, 81, 82 
65,71, 76, 80, 82 
38, 43, 54, 63 
37,34, 38,47,56 
56, 72, 89, 95 
Table 4 
Systems in which hRf values of rare-earth benzoates decrease with Increasing atomic number. 
Mobile phase Stationary phase Metal ions (in order 
of incr. atomic no.) 
Respective 
IBMK - acetone, 1 + 1 
IBMK - benzene, 1 + 1 
IBMK - acetone, 1 + 1 
IBMK - benzene, 1 + 2 
1,4-Dioxane - water, 2 + 1 
IBMK - benzene, 1 + 2 
IBMK - benzene, 1 + 1 
IBMK - methanol, 1 + 3 
IBMK - benzene, 1 + 3 
IBMK - butanol, 1 + 1 
IBMK - methanol, 1 + 1 
Silica gel 
Silica gel 
Silica gel 
Silica gel 
Silica gel 
Silica gel -
cellulose, 9:1 
Silica gel -
cellulose, 9:1 
Silica gel -
cellulose, 9:1 
Silica gel -
cellulose, 9:1 
Silica gel -
cellulose, 7:3 
Silica gel -
Ce, Eu, Dy, Yb 
Gd, Dy, Yb 
Sm, Eu, Gd, Dy 
Eu, Gd, Dy, Yb 
Sm, Eu, Gd, Yb 
Sm, Eu, Gd, Yb 
Sm, Eu, Gd, Yb 
Eu, Gd, Dy 
Eu, Gd, Dy 
Sm, Eu, Gd 
Nd, Sm, Eu 
88, 76, 71, 70 
90,88,84 
96, 84, 81, 78 
98, 76, 51, 35 
87, 85, 70, 43, 35 
80, 76, 73, 71 
79, 70,59, 53 
93, 84, 65 
70,61,58 
83, 81, 75 
96, 94, 72 
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ber. Such behavior has been reported by several workers 
[34-37] and has been explained in terms of lanthanide con-
traction on metal - ligand stability constants and the Lewis 
acidity of the metal ions. Both ion-exchange [18] and 
reversed-phase partition mechanisms [25,38] have been 
proposed for the decrease in i?p values with increasing 
atomic nimiber. In this work the decrease or increase in 
retention of REs as a function of atomic number may be 
attributed to the stability of the lanthanide benzoates, dis-
crete changes in coordination number, and thermodynamic 
and tiansport properties associated with the different f-
electron configurations. 
These resuhs estabUsh the utility of mixed adsorbent layers 
for selective separation of La, Dy, and Nd from some other 
REs. 
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Summary 
Sludges from industrial and uri)an areas contain many higlily toxic 
compounds, e.g. polynuclear aromatic liydrocarirans (PAH) and 
their derivatives. One group of nitrogen derivatives, the amino-
PAH, has stronger mutagenic and carcinogenic activity than the 
parent PAH. The heterogenous and complex composition of sewage 
sludges makes their analysis very difficult. Isolation and identifi-
cation of organic material in sewage sludge is usually performed by 
a multistage process. Dimethylformamide extracts of the sludge 
were separated either by solid phase extraction (SPE) on silica gel 
or by classical column chromatography on aluminum oxide and 
silicic acid. This paper described studies on the use of reversed-
phase thin-layer chromatography (TLC) to separate amino-PAHs 
from other polar compounds present in sludge extracts isolated by 
SPE. The technique was also used to identify the amino-PAHs pre-
sent in the sewage sludge extracts. 
The data obtained by use of TLC were confirmed by GC-MS analy-
sis of amino-PAH fractions isolated frt>m extracts by column chro-
matography on alumina and silicic acid. Sewage sludges sampled 
fhtm sewage-treatment plants in Upper Silesia, one of the most 
industrialized regions of Poland, have been investigated. 
The dangerous to human health such as the amino-PAH deriva-
tives aminophenylnaphthalene, aminopyrene and/or aminofluo-
ranthene, aminoanthracene and/or aminophenanthrene, amino-
quinoline and/or aminoisoquinoline were found in the sewage 
sludges investigated. 
1 Introduction 
Aminoarenes are a class of compounds usually accompany-
ing polycyclic aromatic hydrocarbons (PAH) in environ-
mental samples, coal processing products, and in food or 
cigarette smoke condensate [1-6]. Aromatic amines are me-
tabolically activated in the presence of the S9 microsomal 
liver fraction to form hydroxylamines, which may be con-
verted to more reactive esters that form DNA adducts 
(Figure 1) [7-9]. For example, 2-aminofluorene (2-AF) is a 
known teratogen and transplacental carcinogen in laborato-
ry species [10] and also directly induces DNA damage in 
te^.J 
C 
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T Excretion 
FIgura 1 
Schematic diagram of the metabolic acthratlon of 2-amlnofluorene [7]. 
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